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ABSTRACT
We perform imaging and analyses of SMA 1.3 mm continuum, C18O (2–1) and
12CO (2–1) line data of 17 Class 0 and 0/I protostars to study their gas kinematics
on a 1,000-AU scale. Continuum and C18O (2–1) emission are detected toward all the
sample sources and show central primary components with sizes of ∼600–1,500 AU
associated with protostars. The velocity gradients in C18O (2–1) have wide ranges of
orientations from parallel to perpendicular to the outflows, with magnitudes from ∼1 to
∼530 km s−1 pc−1. We construct a simple kinematic model to reproduce the observed
velocity gradients, estimate the infalling and rotational velocities, and infer the disk
radii and the protostellar masses. The inferred disk radii range from <5 AU to >500
AU with estimated protostellar masses from <0.1 M to >1 M. Our results hint
that both large and small disks are possibly present around Class 0 protostars, which
could be a sign of disk growth at the Class 0 stage. In addition, the directions of the
overall velocity gradients in 7 out of the 17 sources are close to perpendicular to their
outflow axes (∆θ > 65◦), which is a signature of significant rotational motions. From
our model fitting, the specific angular momenta in these sources are estimated to be
>2 × 10−4 km s−1 pc, suggesting that magnetic braking is unlikely efficient on a 1,000-
AU scale in these Class 0 and 0/I sources. In a sub-sample with observed magnetic
field orientations, we find no source with large specific angular momenta together with
closely aligned magnetic field and outflow axes. This possibly hints that the magnetic
field, if originally aligned with the rotational axis, can play a role in removing angular
momentum from infalling material at the Class 0 stage. We discuss our results in
comparison with theoretical models of collapsing dense cores with and without magnetic
fields in the context of disk formation.
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1. Introduction
Circumstellar disks around young stellar objects are sites of planet formation (Williams &
Cieza 2011). Interferometric observations in the CO lines show that the motions of these disks are
well explained by Keplerian rotation, and that the disk radii range from ∼100 AU to ∼800 AU
(e.g., Guilloteau & Dutrey 1994; Dutrey et al. 1998; Simon et al. 2000; Pie´tu et al. 2007). The disk
masses traced by dust continuum emission at millimeter and submillimeter wavelengths range from
10−4 M to 10−1 M (e.g., Qi et al. 2003, 2004; Andrews & Williams 2007; Guilloteau et al. 2011;
Andrews et al. 2012; Pe´rez et al. 2012). Keplerian disks have also been observed around several
Class I protostars (e.g., Brinch et al. 2007; Lommen et al. 2008; Jørgensen et al. 2009; Lee 2010,
2011; Takakuwa et al. 2012; Yen et al. 2013; Brinch & Jøgensen 2013; Harsono et al. 2014; Chou et
al. 2014). The Keplerian disks around Class I protostars have outer radii ranging from ∼60 AU to
∼300 AU and masses from 10−3 M to ∼10−1 M, comparable to those of disks around T Tauri
stars. Therefore, Keplerian disks with a size of a 100-AU scale are likely already well developed at
the Class I stage.
Disks around protostars at earlier evolutionary stages are likely deeply embedded in protostellar
envelopes, and are difficult to directly image (e.g., Looney et al. 2003; Chiang et al. 2008). Recent
interferometric observations have successfully revealed Keplerian disks around a Class 0/I protostar,
B59#111(Hara et al. 2013), and several Class 0 protostars, L1527 IRS (Tobin et al. 2012a; Ohashi
et al. 2014), VLA 1623 (Murillo et al. 2013) and HH 212 (Lee et al. 2014; Codella et al. 2014). The
disks observed around these Class 0 and 0/I protostars have outer radii ranging from ∼50 AU to
∼350 AU, comparable to those of disks around more evolved protostars and T Tauri stars. On the
other hand, around several Class 0 protostars, such as B335 (Yen et al. 2010, 2011, 2013), NGC
1333 IRAS 4B (Yen et al. 2013), and NGC 1333 IRAS 2A (Brinch et al. 2009; Maret et al. 2014),
there is no clear sign of rotational motion in their protostellar envelopes within a scale of 1,000 AU,
which suggests that the Keplerian disks in these sources (if present) likely have outer radii smaller
than 10 AU. It is still unclear as to how and when Keplerian disks form around protostars and
whether Keplerian disks with a size of 100 AU are common among Class 0 protostars.
As protostars form through gravitational collapse of dense cores (n ∼ 104 − 105 cm−3) in
molecular clouds (e.g., Andre´ et al. 2000; Myers et al. 2000), a Keplerian disk is expected to
form when collapsing material rotates fast enough to become centrifugally supported (e.g., Shu
et al. 1987). Theoretical models of collapsing dense cores without magnetic fields suggest that
1B59#11 is located in a dense core with a size of ∼0.1 pc and a mass of ∼24 M, which contains several protostellar
sources (Brooke et al. 2007). B59#11 has a spectral index of 3.29 at wavelengths from 2.2 µm to 8 µm, Tbol of 70±10
K, and Lsubmm/Lbol of 0.03±0.01 (Brooke et al. 2007). The spectral index is consistent with that of Class I or 0
protostellar sources. Its Lsubmm/Lbol is consistent with Class 0 sources (Lsubmm/Lbol > 0.005; Andre´ et al. 2000),
while its Tbol is near the border between the definitions of Class 0 and I sources, i.e., Tbol of 70 K (Andre´ et al. 2000).
Hence, B59#11 is classified as a Class 0/I protostar by Brooke et al. (2007). Considering its low mass ratio between
the surrounding envelope (∼0.09 M) and the protostellar mass (∼0.73 M; Hara et al. 2013), B59#11 is likely in
a stage close to Class I.
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the outer radius of the Keplerian disk increases as the collapse proceeds toward outer regions
and material with a higher angular momentum falls in (Ulrich 1976; Cassen & Moosman 1981;
Terebey et al. 1984; Basu 1998; Bate 1998). On the other hand, previous magnetohydrodynamic
(MHD) simulations show that the magnetic field can effectively remove the angular momentum of
collapsing material by magnetic braking, and suppress the outer radii of Keplerian disks to within
∼10 AU (e.g., Allen et al. 2003; Mellon & Li 2008, 2009; Machida et al. 2011; Li et al. 2011;
Dapp et al. 2012; Tomida et al. 2013). Several mechanisms have been proposed and demonstrated
with numerical simulations to reduce the efficiency of magnetic braking and enable formation of
large-scale disks, such as dissipation of protostellar envelopes (e.g., Machida et al. 2011; Machida
& Hosokawa 2013), misalignment between the magnetic field and rotational axis of collapsing
dense cores (e.g., Hennebelle & Ciardi 2009; Joos et al. 2012; Li et al. 2013), and turbulence
(e.g., Seifried et al. 2012, 2013; Joos et al. 2013). Recent theoretical simulations by Machida et
al. (2014), investigating the dependence of disk formation on the initial model settings such as the
sink radius and the density profile, successfully form Keplerian disks with properties similar to those
observed in protostellar sources. However, there is still a discrepancy in gas motions between their
simulations and those by Li et al. (2011) with similar initial density profiles. Recent single-dish
and interferometric polarimetric surveys toward protostellar sources show that the magnetic field
tends to be misaligned with outflows on inner-envelope scales of a few thousand AU, and that the
magnetic field orientations might change from the dense-core scale of 0.1 pc to the inner-envelope
scale (e.g., Hull et al. 2013, 2014). The results of this polarimetric survey might support the idea
that the misalignment between magnetic field and outflow enables the formation of large-scale
Keplerian disks. These results further suggest the presence of an interplay between magnetic field
and gas motions as seen in MHD simulations (e.g., Machida et al. 2005). Therefore, to investigate
the role of the magnetic field in disk formation, a comparison between magnetic field structures
and gas motions in a sample of protostellar sources is needed.
Formation and evolution of Keplerian disks in collapsing dense cores are likely closely related
to angular momentum transfer from dense cores on a 10,000-AU scale, to inner infalling envelopes
on a 1,000-AU scale and to central disks on a 100-AU scale. Single-dish observations in the NH3
and N2H
+ lines show that dense cores exhibit velocity gradients over a 10,000-AU scale with a mean
magnitude of ∼1–2 km s−1 pc −1, suggestive of large-scale rotational motions (Goodman et al. 1993;
Caselli et al. 2002; Tobin et al. 2011). Interferometric observations in the N2H
+ lines have revealed
a larger amount of velocity gradients with a mean magnitude of ∼7–8 km s−1 pc −1 in the inner
protostellar envelopes on thousands of AU scale (Chen et al. 2007; Tobin et al. 2011), suggestive
of faster rotational motions on smaller scales. We note that the overall velocity gradients seen in
the dense cores and the protostellar envelopes should reflect combinations of rotational motion and
other systematic gas motions, such as infalling and/or outflowing motions, as well as the envelope
morphologies (Tobin et al. 2012b). Systematical studies and comparisons of gas motions from large
to small scales in a large sample of Class 0 protostars are essential to understand disk formation at
the early evolutionary stages.
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In order to investigate disk formation in infalling envelopes, we studied radial profiles of rota-
tional motions in four Class 0 and two Class I protostellar sources. We find an evolutionary trend
from slow to fast rotational motions and from rotation with a conserved angular momentum to
Keplerian rotation (Yen et al. 2013). Such an evolutionary trend can be explained with the conven-
tional picture of an inside-out collapse where the angular momentum is conserved (e.g., Terebey et
al. 1984). In the present paper, we enlarge our sample and focus on protostars at the Class 0 stage
and in transition from Class 0 to I stages, to (1) investigate whether the presence of 100-AU-scale
Keplerian disks is common among Class 0 protostars – as those in L1527 IRS, B59#11, VLA 1623,
and HH 212 – or not, and to (2) study the relation between gas kinematics and magnetic field.
On large scales from thousands of AU to 0.1 pc, the presence of non-axisymmetric structures,
such as filaments, in protostellar envelopes have been seen in 8 µm extinction maps (e.g., Tobin et
al. 2010) and millimeter observations (e.g., Tobin et al. 2011). For non-axisymmetric structures,
it is not straightforward to extract kinematic information from observed images in molecular lines
(Tobin et al. 2012b). On the other hand, on smaller scales of ∼1,000 AU, the envelope structures
appear to be more or less symmetric (e.g., Tobin et al. 2011, 2012b). Assuming that molecular-line
emission traces axisymmetric flattened envelopes around protostars and that outflow axes represent
rotational axes, the velocity gradients perpendicular to the outflow directions can be interpreted
as rotational motion, and those along the outflow directions can be due to infalling motion or
contamination from the outflows (e.g., Arce & Sargent 2006; Yen et al. 2010, 2013). Hence, the
observed velocity structures can be decomposed into infalling and rotational motions. Such analyses
have been applied to the observational data of several protostellar sources, such as B335 (Yen et
al. 2010), HH 212 (Lee et al. 2006), L1527 IRS (Ohashi et al. 1997), L1551 IRS 5 (Momose et
al. 1998), and IRAS 16293−2422 (Takakuwa et al. 2007). Their observational results can, indeed,
be explained by axisymmetric models of a combination of infalling and rotational motions.
In the present paper, we use the data of the C18O (2–1; 219.560358 GHz) line obtained with
the Submillimeter Array (SMA) to trace envelope kinematics. C18O can be abundant in inner
protostellar envelopes as it is evaporated from dust grains when the inner envelopes are heated up
to ∼20 K through a proceeding collapse. On the other hand, the abundances of other dense-gas
tracers, as e.g., N2H
+ and NH3, typically decrease as they are directly or indirectly destroyed
by CO (e.g., Lee et al. 2004; Aikawa et al. 2008). We apply axisymmetric models to our C18O
data, measure velocities of infalling and rotational motions on a 1,000-AU scale, and estimate
the ranges of possible protostellar masses and Keplerian disk sizes around 17 Class 0 and 0/I
protostars. Some of our sample sources were observed in polarized dust emission, revealing their
magnetic field orientations (Attard et al. 2009; Matthews et al. 2009; Dotson et al. 2010; Davidson
et al. 2011; Chapman et al. 2013; Hull et al. 2013, 2014). Our results are discussed in comparison
with theoretical models without magnetic fields, with MHD simulations, and with observational
results of magnetic field orientations.
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2. Sample
The 17 sources studied in this project are Class 0 and 0/I low-mass protostars selected from
the source lists of Froebrich (2005), Tachihara et al. (2007), and Enoch et al. (2009). Froebrich
(2005) searched the literatures and compiled a list of 95 confirmed or candidate Class 0 and 0/I
protostars using the following criteria: (1) the bolometric temperature is less than 80 K, (2) the
ratio of submillimeter (>350 µm) to bolometric luminosities is larger than 0.5%, and (3) no near
infrared (<5 µm) counterpart is present2. Sources that satisfy all the criteria are classified as Class
0 sources. Sources that satisfy two out of the three criteria are classified as Class 0/I sources.
Tachihara et al. (2007) found a Class 0 protostar with a low bolometric temperature of 40 K and a
low bolometric luminosity of 0.16 L from the molecular line, millimeter continuum, and infrared
surveys of the Lupus 3 cloud. Enoch et al. (2009) identified protostars in Perseus, Serpens, and
Ophiuchus using the data from the “From Molecular Cores to Planet-forming Disks” Spitzer Legacy
program and the 1.1 mm Bolocam continuum surveys with the Caltech Submillimeter Observatory
(Evans et al. 2003; Enoch et al. 2006, 2007; Young et al. 2006). They classified 39 sources having
bolometric temperatures less than 70 K as Class 0 protostars. We selected low-mass protostars
from these Class 0 and 0/I source lists, searched the SMA data archive, and conducted new SMA
observations toward seven sources. Combining the archival data and our observations, we find 17
sources detected in the C18O (2–1) line (>3σ) in more than three velocity channels. Our sample is
composed of these 17 sources, which are all nearby (with a distance d . 250 pc except one source
at d = 400 pc), have a range of bolometric temperatures from 25 to 90 K and a range of bolometric
luminosities from 0.2 to 7.7 L. L1527 IRS, B59#11, and HH 212, where the presence of 100-AU
Keplerian disks is reported (Tobin et al. 2012a; Hara et al. 2013; Lee et al. 2014; Codella et al. 2014;
Ohashi et al. 2014), are also included in our analyses for uniform comparison with other sources
observed with the SMA. Table 1 shows a summary of our sample sources. Table 2 lists all the data
used for the work here.
3. Observations
We have conducted observations with the SMA3 at 225 GHz toward seven sources in our
sample: L1448-mm, NGC 1333 IRAS 4A and 4B, L1527 IRS, Lupus 3 MMS, B228 and IRAS
16253−2429. Details of our SMA observations with the subcompact and compact configurations
toward L1448-mm, NGC 1333 IRAS 4B and L1527 IRS are described by Yen et al. (2013). Our new
SMA observations with the very extended configuration were conducted toward L1527 IRS in 2011,
September 9 and toward L1448-mm and NGC 1333 IRAS 4A and 4B in 2011, September 11. In these
observations, 3c111 and 3c84 were observed as gain calibrators, 3c454.3 as a bandpass calibrator,
and Callisto as a flux calibrator. The typical system temperature during the observations was
2The classification by Froebrich (2005) was done before Spitzer data came out. In Spitzer data, Class 0 sources
typically show nebulosity at wavelengths shorter than 5 µm (e.g., Tobin et al. 2007, 2008).
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80–150 K. Our new SMA observations with the subcompact configuration toward B228 and IRAS
16253−2429 were conducted in 2013, April 30, and those with the compact configuration toward
Lupus 3 MMS in 2013, March 14. 1517−243 and 1626−298 were observed as gain calibrators,
and 3c279 as a bandpass calibrator. Neptune and Titan were observed as flux calibrators in the
subcompact and compact observations, respectively. The typical system temperature during these
observations was 100–220 K. In our observations with the compact configuration, 512 channels were
assigned to a chunk with a bandwidth of 104 MHz for the C18O (2–1) line, and 1024 channels in
the observation with the subcompact configuration, resulting in velocity resolutions of 0.28 km s−1
and 0.14 km s−1, respectively. 1.3 mm continuum and 12CO (2–1) line emission were observed
simultaneously in all the observations. The rest of the data of our sample sources were obtained
from the SMA data archive. The observing dates and PIs of those observations are listed in Table 2.
All the data were calibrated using the MIR software package (Scoville et al. 1993). The calibrated
visibility data were Fourier-transformed and CLEANed with MIRIAD (Sault et al. 1995) to produce
images. The resolutions and noise levels of the 1.3 mm and C18O (2–1) images of all the sample
sources are listed in Table 3, and those of the 12CO (2–1) images of a subset of the sample are listed
in Table 4. The 12CO (2–1) results are presented in Appendix A. Inclination angles in this subset
of sources are estimated based on morphologies and velocity structures of their 12CO outflows
(Appendix B).
4. Results
4.1. 1.3 mm Continuum Emission
Figure 1 shows the 1.3 mm continuum images of the sample sources. L1448-mm, NGC 1333
IRAS 4A and 4B, and L1527 IRS have been additionally observed with the very extended configu-
ration of the SMA at 1.3 mm, with an angular resolution of ∼0.′′5 probing only the innermost (.3′′)
regions. The 1.3 mm continuum images of these four sources are shown in Figure 2. Toward all
the sample sources, central compact components with sizes of ∼100–1,000 AU are observed, and
several sources additionally display extended structures. L1448-mm shows an extended component
with a size of ∼20′′ (∼5,000 AU) elongated along the northwest–southeast direction In L1527 IRS,
several clumps with sizes of ∼2′′ (∼300 AU) are seen around the central component. B335 shows
extensions with a length of ∼5′′ (∼650 AU) pointing toward the northwest and the southwest.
L1157-mm displays an extension with a length of ∼3′′ (∼750 AU) pointing toward the southwest.
Nevertheless, the presence of a dominant central component in all these sources is evident.
Moreover, L1448 IRS 3, L1448-mm, NGC 1333 IRAS 4A and 4B, IRAS 03282+3035, and
HH212 are known to be binary or multiple systems (e.g., Looney et al. 2000; Launhardt 2004;
Jørgensen et al. 2007; Lee et al. 2008; Chen et al. 2013). The reported secondary components
3The details of the SMA are described by Ho et al. (2004).
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are seen in our 1.3 mm continuum images of L1448 IRS 3, L1448-mm, and NGC 1333 IRAS 4A
and 4B. L1448 IRS 3 exhibits three components: A to the north, B to the south, and NW to the
northwest. NW is outside the plotting area of Figure 1. In the present paper, we focus on L1448
IRS 3B, where the associated C18O emission is detected, as will be shown below. In L1448-mm,
there is a 9σ peak located in the southeast, ∼7′′ (∼1,750 AU) away from the main component. This
component embedded in the extended structure corresponds to the reported companion (Chen et
al. 2013). In NGC 1333 IRAS 4A, the central condensation exhibits two peaks, 4A1 to the east and
4A2 to the west. In NGC 1333 IRAS 4B, the two components have a projected separation of ∼10.′′3
(∼2,600 AU). There is no previous estimate of the inclination angle of the secondary component
located to the east. Its morphology and outflow velocity structures are not clearly detected with
the present SMA data (Jørgensen et al. 2007) and the CARMA+FCRAO data (Plunkett et al.
2013). More recent CARMA 12CO (2–1) observations show a clear detection (Hull et al. 2014), but
details of kinematics and structures are not given. Thus, no sufficient information of the outflow
is available to estimate its inclination angle. Hence, in the present paper, we focus on the primary
component in the west. Our continuum images of IRAS 03282+3035 and HH212 only show a single
component. The projected binary separations of these two sources are reported to be 1.′′6 (400 AU)
and 0.′′3 (120 AU), respectively (Chen et al. 2013), which are too small to be resolved by the SMA
observations with the compact configuration (Table 3).
A two-dimensional Gaussian distribution is fitted to the central components in all the sample
sources. Depending on the intensity distributions in individual sources, pixels with values below
3σ–10σ are excluded from the fitting to avoid contamination from the surrounding diffuse emission.
The derived total flux, de-convolved size, and position angle of the major axis are shown in Table
5. In the present paper, we adopt the Gaussian-fitted peak positions of the 1.3 mm continuum
emission as the protostellar locations. Comparing the de-convolved position angles and the outflow
directions, the central components of the 1.3 mm continuum emission in L1448 IRS2, L1448 IRS
3B, IRAS 03292+3039, B59#11, and B335 are elongated perpendicularly to the outflow directions
within .20◦, suggesting that their protostellar envelopes are flattened and normal to the outflows
or that the 1.3 mm continuum primarily arises from the circumstellar disks. Although the 1.3
mm continuum image of Lupus 3 MMS also shows a component elongated perpendicularly to the
outflow direction, this component is not resolved with the SMA. Hence, its apparent elongation
is due to the convolution with the synthesized beam which is elongated perpendicularly to the
outflow direction. On the other hand, those in B228 and L1157-mm are elongated along the outflow
directions within .25◦, which could be due to the contamination from the outflows. The 1.3 mm
continuum emission in other sources, such as Per-emb 9, Per-emb 16, IRAS 03282+3035, HH 212,
and IRAS 16253−2429, does not show a clear elongation or orientation preferentially parallel or
perpendicular to the outflow directions.
For the sources where we have both low- and high-resolution images, we can compare the
structures of the continuum emission on scales of a few hundred AU with the innermost 100 AU.
In the low-resolution images of L1448-mm, NGC 1333 IRAS 4A2, and L1527 IRS, the 1.3 mm
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continuum emission on a scale of 1′′–2′′ (∼140–500 AU) does not show an elongation perpendicular
to the outflow directions. However, interestingly, in the high-resolution images, the elongation of
the continuum emission on smaller scales of ∼0.′′5 (.125 AU) becomes more perpendicular to the
outflow directions. In addition, the aspect ratios between the major and minor axes of the 1.3 mm
continuum emission also vary from the larger to smaller scales. These changes in orientations and
aspect ratios could suggest that the 1.3 mm continuum emission on the 0.′′5 scale in these sources
traces a component that is different from the one on the 1′′–2′′ scale. On the 0.′′5-scale, the 1.3 mm
continuum emission in these sources, which is elongated perpendicularly to the outflow directions,
could primarily trace the circumstellar disks with less contamination from the protostellar envelopes
and the outflows, as compared to that on the 1′′–2′′ scale. On the other hand, in NGC 1333 IRAS
4B, both the low- and high-resolution images show similar orientations and aspect ratios, suggesting
that the 1.3 mm continuum emission from 1′′–2′′ to 0.′′5 scales observed with the SMA most likely
traces the same component.
The mass of the circumstellar material traced by the 1.3 mm continuum emission ( Mdust)
can be estimated as
Mdust =
F1.3mmd
2
κ1.3mmB(Tdust)
, (1)
where F1.3mm is the total 1.3 mm flux, d is the distance to the sources, κ1.3mm is the dust mass
opacity at 1.3 mm, Tdust is the dust temperature, and B(Tdust) is the Planck function at a tem-
perature of Tdust. Under the assumption that the wavelength ( λ) dependence of the dust mass
opacity (≡ κλ) is κλ = 0.1 × (0.3 mm/λ)β cm2 g−1 (Beckwith et al. 1990), the mass opacity at
1.3 mm is 0.023 cm2 g−1 with β = 1.0 (e.g., Jørgensen et al. 2007) and a gas-to-dust mass ratio of
100. Tdust is adopted to be the temperature at a radius of 500 AU of our best-fit kinematic model
(Section 5). The 1.3 mm continuum components in L1448-mm, NGC 1333 IRAS 4A, and L1527
IRS observed with the SMA at the high angular resolution could trace the circumstellar disks in
the inner 100 AU regions around the protostars. For typical circumstellar disks around T Tauri
stars, the temperatures at a radius of 100 AU range from ∼20 to ∼50 K (e.g., Pie´tu et al. 2007).
Hence, Mdust traced by the high-resolution observations is estimated with Tdust = 50 K, leading to
lower limits of Mdust. With the same F1.3mm, Tdust = 50 K gives three times smaller dust masses
as compared to Tdust = 20 K. Mdust is shown in Table 5.
4.2. C18O (2–1) Emission
Figure 3 shows moment-0 (i.e., integrated-intensity) maps overlaid on moment-1 (i.e., intensity-
weighted mean velocity) maps of the C18O (2–1) emission in our sample sources. Toward all the
sources, the C18O (2–1) emission shows compact components with sizes ranging from 1,000 AU to
3,000 AU associated with the protostellar positions. Elongated emission along the outflow directions
is seen in NGC 1333 IRAS 4B, IRAS 03292+3039, Lupus 3 MMS, IRAS 16253−2429, B335, and
L1157-mm. Directions orthogonal to the outflow axes are found in L1448 IRS 2, L1448 IRS 3B,
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IRAS 03282+3035, B228, and B59#11. In addition to the central components, in L1527 IRS and
L1448-mm, extended emission with sizes of ∼20′′ (2,800 and 5,000 AU) is seen along the outflow
cavity and the outflow direction, respectively.
The moment-1 maps of the C18O (2–1) emission in this sample show wide ranges of orientations
and magnitudes of velocity gradients. To measure these orientations and magnitudes, a linear
relation,
Vlos = Mvg · L+ Vc, (2)
is fitted to the moment-1 maps, where Vlos is the line-of-sight velocity, Mvg is the magnitude of the
velocity gradient, Vc is a constant, and L denotes the positional offset as
L = ∆α · sin θvg + ∆δ · cos θvg, (3)
where ∆α and ∆δ are the RA and Dec offsets with respect to the protostellar position and θvg is the
position angle of the direction of the velocity gradient. Mvg and θvg are determined by minimizing
Σ (Vob(α, δ) − Vlos(α, δ)), where Vob is the observed mean velocity in the moment-1 maps. The
minimization is done using the IDL routine, MPFIT (Markwardt 2009). To focus on the velocity
gradients in the central components with minimum contamination from surrounding extension or
diffuse emission, we first fit a two-dimensional Gaussian distribution to the central component in
the C18O moment-0 map. Subsequently, the fitting of velocity gradients is only performed on
the central region within a radius of twice the standard deviation (=FWHM/2
√
2 ln 2) along the
major axis of the fitted Gaussian distribution. The measured orientations and magnitudes of the
overall velocity gradients are listed in Table 6, and their uncertainties are estimated based on the
covariance matrixes. In L1448 IRS 3B, NGC 1333 IRAS 4A, Per-emb 9, IRAS 03292+3039, L1527
IRS, HH 212, and B59#11, the directions of the velocity gradients of the central components are
perpendicular to the outflow directions with ∆θ & 65◦, and their magnitudes range from ∼22 km
s−1 pc−1 in HH 212 to ∼529 km s−1 pc−1 in B59#11. On the other hand, the directions of the
velocity gradients of the central components in NGC 1333 IRAS 4B, IRAS 03282+3035, B228,
B335, and L1157-mm are along the outflow directions with ∆θ . 20◦, and the magnitudes are
from ∼9 km s−1 pc−1 in L1157-mm to ∼115 km s−1 pc−1 in B335. The directions of the velocity
gradients of the central components in L1448 IRS 2, L1448-mm, Per-emb 16, Lupus 3 MMS, and
IRAS 16253−2429 do not show a preference to be either parallel or perpendicular to the outflow
directions. Their magnitudes range from ∼1 km s−1 pc−1 in Lupus 3 MMS to ∼78 km s−1 pc−1
in Per-emb 16. Previous interferometric observations in N2H
+ and NH3 lines at lower angular
resolutions of ∼3′′–11′′also found orientations of velocity gradients that vary from perpendicular to
parallel to the outflow axes, with magnitudes that differ by an order of magnitude in a sample of
protostellar sources (Tobin et al. 2011). The varying orientations of the overall velocity gradients
could be a measure for the significance of the rotational motions relative to the infalling motions and
possible contaminations from the outflows. The sources with the velocity gradients perpendicular
to the outflows likely exhibit more dominant rotational motions. (e.g., Arce & Sargent 2006; Yen et
al. 2013). Therefore, the wide ranges of orientations and magnitudes of velocity gradients suggest
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that low-mass Class 0 and 0/I protostars likely exhibit a variety of infalling and rotational motions
in their envelopes, even though they are at similar evolutionary stages.
In order to further assess the rotational motions in the protostellar envelopes in our sample
sources, we isolate the velocity gradients perpendicular to the outflow axes and passing through
the protostellar positions. This gradient primarily consists of rotational motions with a minimal
contamination from infalling motions and outflows (e.g., Yen et al. 2013). We first extract the
mean velocities along the axis perpendicular to the outflow axis from the moment-1 maps, and fit
the mean velocities with Equation 2 using MPFIT . Here, L is the positional offset along the axis
perpendicular to the outflow axis. The measured velocity gradients perpendicular to the outflow
axes are shown in Table 7. In our sample, 5 out of 17 sources, L1448 IRS 3B, NGC 1333 IRAS
4A, IRAS 03292+3039, Per-emb 16, and B59#11, show very significant velocity gradients with
magnitudes larger than 90 km s−1 pc−1, suggesting the presence of fast rotational motions. On the
other hand, NGC 1333 IRAS 4B, Lupus 3 MMS, and L1157-mm do not show significant velocity
gradients perpendicular to their outflows, and the magnitudes are .15 km s−1 pc−1. Besides that,
in B335, the direction of the velocity gradient perpendicular to the outflow is different from that of
the rotational motion on scales of thousands of AU (Saito et al. 1999; Yen et al. 2011; Kurono et
al. 2013). These results suggest that there is no clear signature of rotational motions on the inner
1,000-AU scale in these sources. Hence, even after isolating the velocity gradients perpendicular to
the outflow axes, the results still suggest that the protostellar envelopes in our sample likely exhibit
different rotational velocities, spanning over an order of magnitude.
5. Kinematic Model
5.1. Measuring Infalling and Rotational Velocities
To investigate the infalling and rotational velocities of the protostellar envelopes and the sizes
of the embedded Keplerian disks from the observed velocity gradients in the C18O (2–1) line, we
construct a simple model of infalling and rotational motions with the geometrically-thin approxi-
mation. This model is compared against our observational results. Theoretical models of collapsing
dense cores without magnetic field show that more flattened inner regions (e.g., Ulrich 1976; Tere-
bey et al. 1984). Including magnetic fields, the MHD simulations predict that the ratio of radius
over height of the inner envelopes can grow to as large as five in regions with densities larger than
106 cm−3 (e.g., Machida et al. 2014). The C18O (2–1) emission in protostellar sources is typically
optically thin (τ . 0.3) on a 1,000-AU scale as inferred from the observed C18O (3–2) and (2–1) line
ratio (∼1–2) in several protostellar sources (Hogerheijde et al. 1998). Therefore, the geometrically-
thin kinematic model can be applied to the C18O (2–1) emission to study the velocity field on
the equatorial plane. However, we note that if the inner envelope is highly flattened, the inner
region could shield the outer region from being heated by the protostellar luminosity, and C18O
(2–1) may be frozen out on the equatorial plane, as in the case of protoplanetary disks (e.g., de
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Gregorio-Monsalvo et al. 2013; Rosenfeld et al. 2013). In addition, photons from the central region
tend to escape along the outflow cavity, resulting in a warm region along the cavity (e.g., Spaans
et al. 1995). The emission from the outflow cavity can then enhance and contaminate the velocity
features of the inner envelope.
To minimize the influence of the outflow contamination on the velocity structures in C18O
(2–1), our models are only applied to the central compact C18O (2–1) components, excluding outer
extensions which could be associated with outflow activities. For typical molecular outflows, their
outflowing velocities grow with radius ∝ R (e.g., Shu et al. 1991), while the free-falling velocity is
∝ R−0.5. Hence, in the central components at smaller radii, the velocity features of the outflows
are expected to be minimal. With our model, we estimate the masses of protostars and the specific
angular momenta of their surrounding infalling envelopes based on the infalling and rotational
motions on a 1,000-AU scale observed with the SMA. Although the Keplerian disks (if present) in
our sample sources may not be resolved with the present SMA observations at angular resolutions of
∼2′′–8′′, the possible radius of the Keplerian disk (Rd) can be derived from the estimated protostellar
mass (M∗) and the angular momentum of the infalling envelope (j) as
Rd =
j2
GM∗
, (4)
under the assumption that the angular momentum of the infalling material is conserved. Infalling
motions with conserved angular momenta are observed in several protostellar sources without large-
scale (>100 AU) Keplerian disks (e.g., Yen et al. 2013, 2014; Ohashi et al. 2014). We note that
in these cases, the gas motions of the outer envelopes observed with the SMA are assumed to
be smoothly connected to those of the inner disks. Such smooth connections of gas motions are
observed around a few protostars, such as L1527 IRS (Ohashi et al. 2014), TMC-1A (Aso et
al. 2014), and L1551 IRS 5 (Chou et al. 2014). MHD simulations, however, suggest that infalling
and rotational motions could be dramatically braked in inner envelopes on a 100-AU scale due to
an increasing magnetic pressure (e.g., Mellon & Li 2008, 2009). Nevertheless, abruptly braking gas
motions have not yet been observed. On the other hand, if our sample sources exhibit Keplerian
disks with outer radii of several hundred AU, the disks can be resolved with the present SMA
observations, and the protostellar mass can be estimated from the Keplerian rotation directly with
our model.
The radial profiles of the C18O surface density (Σ) and the gas kinetic temperature (T ) of our
model are described as
Σ(r) = Σ0 · ( r
r0
)p, (5)
T (r) = T0 · ( r
r0
)q, (6)
where r0 is arbitrarily chosen to be 500 AU. p is adopted to be −1, which is an approximated radial
profile of the column density of a spherical envelope during an inside-out collapse having a radial
density profile ∝ r−1.5 (Shu 1977). q is adopted to be −0.4, which is the typical profile observed
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in protostellar sources (e.g., Shirley et al. 2000, 2001). The protostellar positions are adopted as
the centres of mass, except for NGC 1333 IRAS 4A, where two protostars are located in a common
envelope. Here, the peak position in the moment-0 map of the C18O emission is adopted as the
center of mass of the envelope. Similarly to the fitting of the velocity gradients described in Section
4.2, the outer radius of our model ( Rout) is adopted to be twice the standard deviation along
the major axis of the fitted Gaussian distribution of the central component in the C18O moment-0
map. In our model, at r > Rd, the gas is assumed to be infalling and rotating with a conserved
angular momentum, and the infalling velocity is assumed to be a fraction ( f) of the relevant
free-fall velocity. Thus, the infalling and rotational velocities are described as
Vrot(r) =
j
r
, (7)
Vin(r) = f ·
√
2GM∗
r
− V 2rot(r). (8)
At r < Rd, the gas motion in our model is assumed to be a Keplerian rotation without any infalling
component:
Vrot(r) =
√
GM∗
r
, (9)
Vin(r) = 0. (10)
The line-of-sight velocity is given by
Vlos(x, y) = Vrot(r) · sin i · x
r
+ Vin(r) · sin i · y
r
+ Vsys, (11)
where x and y are the coordinates along the major and minor axes with respect to the center of
mass, respectively, and i is the inclination angle, defined as the angle between the disk plane and
the outflow axis. The line profile (φv) of the C
18O line as a function of velocity (v) is assumed to
be a Gaussian function as
φv ∝ exp(−(v − Vlos)
2
2σv2
), (12)
where σv is the velocity dispersion. We assume σv to be the thermal dispersion as
σv =
√
2kT (r)
m
, (13)
where m is the C18O molecular mass and k is the Boltzmann constant. In our models, the thermal
dispersion at a radius of 500 AU ranges from ∼0.07 to ∼0.17 km s−1. The critical density of the
C18O (2–1) emission is ∼104 cm−3, which is lower than the typical density of protostellar envelopes
and disks on hundreds of AU scale (&105 cm−3). Hence, the C18O emission is likely thermalized
(e.g., Yen et al. 2011). Under the assumption of LTE, the C18O (2–1) line intensity (Iν) of our
model is computed with the radiative transfer equation
Iν = Bν(T ) · (1− exp−τν ), (14)
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with
τν = Σ(r)κνφv, (15)
where Bν(T ) is the Planck function at a temperature of T , and τν and κν are the optical depth
and absorption coefficient of the C18O (2–1) line, respectively. The population and absorption
coefficient of the C18O emission are computed with
Nj
NC18O
=
(2J + 1) exp−hBeJ(J+1)/kT
kT/hBe
, (16)
κν = − c
2
8piν02
gJ+1
gJ
NJ
NC18O
AJ+1,J(1− exp−hν0/kT ), (17)
where J is the lower energy level, NJ is the number density at the energy level J , NC18O is the
total number density of C18O molecules, h is the Planck constant, Be is the rotational constant of
54.89 GHz, c is the speed of light, ν0 is the rest frequency, gJ is the statistical weight of the energy
level J , and AJ+1,J is the Einstein coefficient.
There are five free parameters in our model: Σ0, T0, M∗, j, and f . The parameter f in
protostellar sources is not well understood. Without the effect of the magnetic field, infalling
motions in protostellar sources are expected to be almost free fall, i.e., f = 1 (e.g., Ulrich 1976;
Terebey et al. 1984). Theoretical studies incorporating magnetic fields show that the infalling
velocity in protostellar envelopes is slower than the free-fall velocity (e.g., Krasnopolsky & Ko¨nigl
2002; Li et al. 2011). As shown with Equation 8, M∗ is proportional to Vin2/f2 + Vrot2. If infalling
dominates over rotational motion, the estimated protostellar mass is approximately ∝ f−2. With
the same amount of specific angular momenta, the inferred disk radius is ∝ f2 (Equation 4).
Therefore, the uncertainty in f can introduce significant errors in the estimated protostellar mass
and disk radius. In recent observations revealing Keplerian disks embedded in infalling envelopes
around L1527 IRS, L1551 NE, L1551 IRS 5, TMC-1A, and L1489 IRS, their protostellar masses
can be estimated from Keplerian rotation. Hence, the infalling motions observed in these envelopes
can be compared against expected free-fall motions. In the Class 0 protostar L1527 IRS, the
infalling velocity is found to be half of the free-fall velocity (f = 0.5; Ohashi et al. 2014), while
those in L1551 NE, L1551 IRS 5 and TMC-1A, which are Class I protostars, are about one third
(f = 0.3; Takakuwa et al. 2013; Chou et al. 2014; Aso et al. 2014). On the other hand, in the
Class I protostar L1489 IRS, the infalling motion can be explained with free-fall motion with a
conserved angular momentum (Yen et al. 2014). Therefore, we perform two sets of model fitting,
fixing f to (1) f = 0.5 and (2) f = 1 which is often adopted to analyze the gas kinematics around
protostars (e.g., Ohashi et al. 1997; Momose et al. 1998; Lee et al. 2006). In each model, Rd is
derived with the fitted M∗ and j (Equation 4). Then, we compute model image cubes and generate
model P–V diagrams along and perpendicular to the outflow axes. The purpose of our model is to
reproduce the observed velocity structures but not the entire intensity distributions which require
more sophisticated models incorporating three-dimensional temperature and density structures and
detailed radiative transfer calculations. Therefore, the fitting is performed on the P–V diagrams
along and perpendicular to the outflow axes. To that purpose, we subtract the model P–V diagrams
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from the observed P–V diagram, sum the square of the residuals and search for the minimum of
that to obtain the best fit.
Two sets of best-fit parameters are obtained with f = 0.5 and 1, listed as ranges of values
in Table 8. Detailed results of individual sources are discussed in Appendix C. In sources, such
as Per-emb 9 and IRAS 03292+3039, where the rotational motion is dominant over the infalling
motion, the fitting with the two different f -values results in almost the same best-fit M∗. Even
though a different f is adopted in the fitting, the best-fit models necessarily yield similar Vrot(r)
and Vin(r) in order to explain the observed velocity structures. Hence, the fitting with different f
also results in similar model images, where the difference in peak intensity is typically less than
10%. Figure 4 presents the comparison between the observed P–V diagrams and the best-fit model
with f = 0.5. The model images of the best-fit models with f = 1 are almost identical to those
with f = 0.5 in a visual inspection. Hence, the images are not shown here.
The velocity gradients perpendicular to the outflow axes are typically considered as an indica-
tion of rotational motions in protostellar envelopes (e.g., Ohashi et al. 1997; Momose et al. 1998;
Yen et al. 2013). In Figure 5, we compare the measured magnitude of the velocity gradients perpen-
dicular to the outflow axes with the specific angular momenta estimated using our simple kinematic
models. Figure 5 shows a clear correlation. Note that the measured magnitudes originate from
the projected gas motions, while in our kinematic models, we correct for the inclination angles
to estimate the specific angular momenta. In addition, we assume that the rotational motions are
either Keplerian rotation or rotation with a conserved angular momentum in our kinematic models.
Hence, it is expected that in individual sources, the velocity gradients perpendicular to the outflow
axes may not be fully attributed to rotational motions. These two effects cause the data points
to scatter around the correlation, as seen in Figure 5. Nevertheless, the obvious correlation shows
that the velocity gradient perpendicular to the outflow axis can be a tracer for rotational motions
on these scales.
5.2. Uncertainty and Robustness of Fitting Results
To assess possible uncertainties and shortcomings introduced by our simplified kinematic model
and the low resolution of the data as compared to the observed disk sizes (∼100–300 AU, e.g.,
Brinch et al. 2007; Lommen et al. 2008; Takakuwa et al. 2012), we compare our results of the
kinematics in HH 212 and L1527 IRS with those by Lee et al. (2014) and Ohashi et al. (2014),
respectively. They analyzed the kinematics of HH 212 and L1527 IRS observed with the Atacama
Large Millimeter/Submillimeter Array (ALMA) at .1′′ resolutions with three-dimensional models
and more sophisticated radiative transfer calculations. In HH 212, the infalling and rotational
velocities at a radius of 400 AU are estimated to be 0.9 km s−1 and 0.35 km s−1 with the ALMA
data in HCO+ (4–3), respectively. This corresponds to a protostellar mass of ∼0.2 M, a specific
angular momentum of ∼6.8 × 10−4 km s−1 pc and a disk radius of 120 AU. Under the same
assumption, namely the infalling motion being free fall as adopted by Lee et al. (2014), our model
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fitting of the lower resolution SMA data shows a protostellar mass of 0.12 M, a specific angular
momentum of 4.6 × 10−4 km s−1 pc and a disk radius of 80 AU. Therefore, our results are consistent
with the ALMA results within 50%. On the other hand, the protostellar mass and the specific
angular momentum in the infalling envelope in L1527 IRS are estimated to be 0.33 M and 6.1 ×
10−4 km s−1 pc with the ALMA C18O (2–1) line data. The disk radius is estimated to be 54 AU.
The infalling velocity is found to be half of the free-fall velocity (Ohashi et al. 2014). With f = 0.5,
our SMA model fitting shows a protostellar mass of 0.24 M, a specific angular momentum of 5.8
× 10−4 km s−1 pc and a disk radius of 70 AU in L1527 IR. Thus, our results are also consistent
with the ALMA results within 50%. We remark that the estimated M∗ and j from the SMA data
are systemically lower than those from the ALMA data. This could be due to limited resolutions
and sensitivity of the SMA to detect the inner components at higher velocities. However, the
comparison here suggests that our assumptions, such as the geometrically-thin approximation and
the optically-thin and LTE conditions, are likely valid and do not introduce a significant error, as
compared to the uncertainty due to the f parameter, which can introduce a systematic error as
large as a factor of four.
We have additionally probed the dependence of our results on p, q, and Rout. Three repre-
sentative cases, B335, L1527 IRS and B59#11 with inferred disk radii <5 AU, ∼70–140 AU, and
∼230–340 AU, are analyzed with p = −0.5 and −1.5, q = −0.2 and −0.8, and varying Rout by 20%.
We find that the best-fit M∗ and j with different p and q are consistent within 10%. In the cases of
B335 and B59#11, where no extended emission surrounding the central main components and only
weak extensions are found, the changes in the best-fit M∗ and j due to the 20% variation of Rout
are less than 10%. For L1527, the change is less than 20%. The larger change in L1527 compared
to those in the other two sources is likely due to the presence of the significant extended emission
in this source. We, thus, conclude that our fitting results likely do not significantly depend on the
assumptions of p, q, and Rout.
Another uncertain variable is the inclination angle i which is a fixed parameter in our model.
Both Vrot and Vin are approximately proportional to 1/ sin(i). Hence, M∗ and j are expected to
approximately scale with 1/ sin2(i) and 1/ sin(i), respectively. For the four sources, Per-emb 9,
IRAS 03282+3035, IRAS 03292+3039, and Per-emb 16, whose inclination angles are estimated in
this work (Appendix B), we test the robustness of our results by increasing i by 20◦, i.e., source
is closer to edge on than in our original assumptions. We find that M∗ and j follow the above
simple scalings within 30%, except for j in IRAS 03282+3035. This is likely because the velocity
structures in the P–V diagram perpendicular to the outflow axis in IRAS 03282+3035 are only
marginally resolved. With the larger inclination angle, the model fitting tends to interpret the
velocity structures as no clear rotational motion (j < 5 × 10−5 km s−1 pc) instead of the slow
rotational motion (j ∼ 7 × 10−4 km s−1 pc) from the original model where IRAS 03282+3035 is
closer to face on. In summary, our test shows that M∗ and j follow the simple scaling relations with
a small change in the inclination angle if the velocity structures are resolved. We finally note that
these results can deviate from the simple scaling relations, if the uncertainty in the inclination angle
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is more significant due to a more complex change in the two-dimensional intensity distribution.
6. Discussion
The SMA observations in the C18O (2–1) line of the 17 Class 0 or 0/I protostars show that
the velocity gradients on a scale of 500 AU to 1,500 AU (4′′–7′′) have a wide range of magnitudes
from no clear gradient (∼1 km s−1 pc−1) to ∼529 km s−1 pc−1 together with different orientations
from parallel to perpendicular to the outflow directions. These results suggest that the protostellar
envelopes around the low-mass Class 0 and 0/I protostars likely exhibit a variety of infalling and
rotational motions, even though they are at a similar evolutionary stage. We construct simple
models to reproduce the observed velocity gradients, estimate the infalling and rotational velocities,
and infer the disk radii and the protostellar masses in the sample sources. Below, we discuss the
possibility of disk growth at the Class 0 stage and the role of the magnetic field through comparison
between our results, observational results of more evolved protostars, and theoretical models with
and without the effect of the magnetic field.
6.1. Possible Sign of Disk Growth at the Class 0 Stage
Figure 6 shows the estimated specific angular momenta as a function of Tbol and possible disk
radii as a function of the estimated protostellar mass. The left panel in Figure 6 hints a trend that
sources having higher Tbol, which are expected to be more evolved, exhibit larger specific angular
momenta on a 1,000-AU scale in their protostellar envelopes. Such a trend is consistent with the
theoretical model of inside-out collapsing dense cores where the angular momentum is conserved
(e.g., Terebey et al. 1984). In this picture, the inner protostellar envelopes rotate faster as the
outer material with a higher angular momentum starts to collapse. (e.g., Yen et al. 2013). In
our sample, the possible disk radii range from <5 AU to >700 AU under the assumption that the
angular momenta of the infalling envelopes are conserved. There is no clear correlation between the
possible disk radii and protostellar masses estimated from our kinematic models, as seen in the right
panel in Figure 6. Previous observations in CO emission show that disks around T Tauri stars have
outer radii ranging from ∼100 AU to ∼800 AU (e.g., Guilloteau & Dutrey 1994; Dutrey et a. 1998;
Simon et al. 2000; Pie´tu et al. 2007). Observations of several Class I protostars show that the
outer radii of disks range from ∼50 AU to ∼300 AU (e.g., Brinch et al. 2007; Lommen et al. 2008;
Jørgensen et al. 2009; Takakuwa et al. 2012; Chou et al. 2014). In our sample of Class 0 and 0/I
protostars, 11 out of the 17 protostars possibly exhibit large-scale disks with outer radii >100 AU
up to ∼700 AU, comparable to the disk radii at the later evolutionary stages. Especially L1448
IRS 3B, Per-emb 9, IRAS 03292+3039, and B59#11 show clear velocity gradients perpendicular to
the outflow axes, and their rotational motions are most likely dominant over the infalling motions,
suggesting the presence of Keplerian disks with outer radii of hundreds of AU (Table 6 and 8). In
addition, L1527 and HH 212 are known to exhibit Keplerian disks with an outer radius of ∼50–90
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AU and ∼90–120 AU, respectively (Tobin et al. 2012a; Ohashi et al. 2014, Lee et al. 2014; Codella
et al. 2014). Therefore, our results could suggest that large-scale disks are already developed at
the Class 0 stage. On the other hand, no observational signature of rotational motion is detected
in NGC 1333 IRAS 4B, B335, and L1157-mm, suggesting that the disk radii (if present) in these
sources are likely small (<5 AU). Millimeter continuum observations at sub-arcsecond resolutions
also suggest that the disk radii are smaller than 60 AU in B335 (Harvey et al. 2003) and smaller
than 40 AU in L1157-mm (Chiang et al. 2012). The presence of both large and small disks might
suggest that the Class 0 stage could be the stage to build a large-scale disk. Note that the sample
size in the present paper is still limited. A larger sample of protostellar sources with directly imaged
disks at the Class 0 stage is required to estimate the time scale of disk growth.
Theoretical models of disk formation in collapsing dense cores without the effect of magnetic
fields, where the angular momentum is conserved, show that the size of Keplerian disks around
protostars grows very fast as Rd ∝ ω2cst3, where ω, cs, and t are the angular velocity, the sound
speed and the age of the collapsing cores (Terebey et al. 1984; Basu 1998). Here, ω describes the
initial angular momentum of the dense cores, and cs is related to the mass of the dense cores and
their mass infalling rates. With the observed mean ω of 7.5 × 10−14 s−1 (e.g., Tobin et al. 2011)
and typical cs of 0.2 km s
−1 at 10 K, a Keplerian disk with a radius of 100 AU can form in ∼105
years, which is comparable to the time scale of the Class 0 stage (e.g., Enoch et al. 2009; Dunham
et al. 2014a). The disk radii as a function of protostellar mass of this theoretical model are shown
as dashed lines in Figure 6b. Although the possible disk sizes in B335 and L1157-mm are small,
their associated dense cores have rotational motions and masses similar within a factor of two to
three to those of other sources which possibly exhibit larger disks with radii &100 AU (Table 9).
Their estimated protostellar masses and upper limits of disk radii are also within the expected
relation between protostellar mass and disk radii in the theoretical model. The last source showing
a slow rotational motion, NGC 1333 IRAS 4B, is in a cluster region, and its large-scale rotational
motion in the associated dense core is less clear (Volgenau et al. 2006). One possibility is that these
three sources, where the disk radii are inferred to be small, are younger than the other sources, and
the disk sizes in these sources will grow as the collapse proceeds. Future high-resolution and high-
sensitivity observations to directly image disks around Class 0 protostars are required to compare
their properties with those around more evolved sources and to study disk evolution. Moreover,
the comparison between the directly measured disk sizes, those inferred under the assumption
of angular momentum conservation, and those in theoretical models incorporating magnetic fields
(e.g., Mellon & Li 2008, 2009; Machida et al. 2014) can reveal detailed physics in infalling envelopes.
6.2. Gas Motion vs Magnetic Braking and Magnetic Field Orientation
MHD simulations show that the magnetic field can effectively remove the angular momenta
of collapsing material and/or disks by magnetic braking and suppress the radii of Keplerian disks
to within 10 AU (e.g., Mellon & Li 2008, 2009; Machida et al. 2011; Li et al. 2011; Dapp et
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al. 2012). In our sample, L1448 IRS 3B, NGC 1333 IRAS 4A, IRAS 03292+3039, Per-emb 16,
and B59#11 show large velocity gradients (Mvg > 90 km s
−1 pc−1) perpendicular to their outflow
axes and passing through their protostellar positions on a 1,000-AU scale. Their specific angular
momenta in their protostellar envelopes are estimated to be >10−3 km s−1 pc from our kinematic
models. Furthermore, from the entire sample, the specific angular momenta on a 1,000-AU scale
in 11 out of the 17 Class 0 or 0/I protostars are estimated to be &5 × 10−4 km s−1 pc. This all
suggests that large-scale disks (>100 AU) possibly can form around these protostars. Therefore,
effective magnetic braking is unlikely common on a 1,000-AU scale among Class 0 protostellar
sources. On the other hand, the disks around NGC 1333 IRAS 4B, B335, and L1157-mm likely
have outer radii <5 AU, which could be the result of effective magnetic braking in these sources.
Several mechanisms have been proposed to reduce the efficiency of magnetic braking and enable
formation of large-scale disks, such as dissipation of protostellar envelopes (e.g., Machida et al.
2011), misalignment between the magnetic field and rotational axis of collapsing dense cores (e.g.,
Joos et al. 2012; Li et al. 2013), turbulence (e.g., Seifried et al. 2012, 2013; Joos et al. 2013), initial
density profiles of dense cores and even simulation setups (e.g., Machida et al. 2014).
The MHD simulations by Machida et al. (2011) show that a 100-AU disk can form when
its surrounding envelope is mostly dissipated and both the envelope and the disk have comparable
masses, even though the parental dense core is strongly magnetized. In their more recent simulations
with improved simulation setups (Machida et al. 2014), a 100-AU disk can form even when the
surrounding envelope is more massive than the disk. In our observational results, the mass of
the circumstellar material (protostellar envelope + disk) traced by the continuum emission can be
considered as the upper limit of disk mass. L1527, surrounded by a Keplerian disk with a radius
of ∼50–90 AU (Tobin et al. 2012a; Ohashi et al. 2014), and sources such as L1448 IRS 3B and
L1448-mm with possible 100-AU disks, are still embedded in their envelopes which are one order
of magnitude more massive than the disks (Table 9). Therefore, envelope dissipation is unlikely an
important effect to resolve the problem of magnetic braking in disk formation.
MHD simulations have also shown that if the magnetic field and rotational axis of a dense
core are misaligned, the angular momentum can be more efficiently transported to the vicinity of
protostars with infalling motions to form a large-scale Keplerian disk (e.g., Joos et al. 2012; Li et
al. 2013). Some of our sample sources have been observed in polarized continuum emission from
dust grains. Here, the polarization orientation is expected to be orthogonal to the orientation of the
magnetic field (Attard et al. 2009; Matthews et al. 2009; Dotson et al. 2010; Davidson et al. 2011;
Chapman et al. 2013; Stephens et al. 2013; Hull et al. 2013, 2014; Zhang et al. 2014). The axes
of outflows are expected to trace the rotational axes in protostellar sources. The differences in
position angles of their outflow axes and magnetic field mean orientations from Hull et al. (2014)
on 10,000- AU and 1,000-AU scales are listed in Table 10. Figure 7 shows a comparison between
the specific angular momenta estimated from our kinematic models and the outflow–magnetic field
misalignments at 10,000-AU and 1,000-AU scales. Although there is not a very clear correlation
between the angular momenta and the misalignments, all the data points tend to fall into a zone
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below a diagonal. The absence of sources with large specific angular momenta together with closely
aligned magnetic field and outflow axes (zone above diagonal) can possibly hint that the magnetic
field, if originally aligned with the rotational axis, can play a role in removing angular momentum
from infalling material. A larger sample for such a comparison is needed to reveal the genuine
relation between the gas motion and the magnetic field.
Below, we compare the gas motions and magnetic field orientations in individual sources. In
L1157-mm, without a clear sign of rotational motions and with a possible disk radius <5 AU, the
magnetic field orientation is well aligned with the outflow axis within 14◦ from 10,000-AU to 1,000-
AU scales. In L1448 IRS 3B, which shows a clear signature of fast rotation and possibly exhibits
a large-scale disk, the magnetic field orientation and the outflow axis are clearly misaligned by
more than 70◦. These two sources could be examples illustrating that alignment suppresses and
misalignment enables formation of large-scale disks. L1448-mm possibly exhibits a disk with an
outer radius of ∼100 AU as estimated from our kinematic models, and has its magnetic field
moderately misaligned with the outflow axes by ∼45◦ at both 10,000 AU and 1,000 AU scales. In
L1527 IRS, there is a Keplerian disk with a radius of ∼50–90 AU, as revealed with the ALMA
observations (Tobin et al. 2012a; Ohashi et al. 2014), and the misalignment between the magnetic
field orientation and the outflow axis increases from 32◦ on a 10,000-AU scale to 87◦ on a 1,000-
AU scale. The observational results of these two sources are also consistent with the theoretical
expectation that the misalignment helps disk formation. On the other hand, in NGC 1333 IRAS
4B, there is no clear sign of rotational motion, and the magnetic field orientation is misaligned with
the outflow axis by more than 60◦. This result could be contradictory to the scenario where the
misaligned magnetic field suppresses the efficiency of magnetic braking. However, NGC 1333 IRAS
4B is located in a cluster region, where the large-scale rotational motion in the associated dense core
and the environmental influence, such as impact by nearby outflows, are not clear. The other source
showing no clear sign of rotational motion, B335, has complex magnetic field orientations from
>10,000-AU to 1,000-AU scales. On a scale larger than 10,000 AU, the magnetic field orientation is
inclined toward the outflow axis within 25◦, as revealed with optical and near-infrared observations
(Bertrang et al. 2014), while the single-dish observations at submillimeter wavelengths show that
the magnetic field orientation on a scale of a few thousand AU is perpendicular to the outflow axis
(∆θcore = 75
◦). On a 1,000-AU scale, its magnetic field is aligned with the outflow axis within 33◦
as observed with CARMA at 1.3 mm. The effect of the magnetic field in these last two sources
is not clear. As discussed in Section 6.1, evolutionary effects might complicate the picture. A
counter-example to the scenario that disk formation requires the magnetic field to be misaligned
with the rotation axis could be L1448 IRS 2. The magnetic field orientation in L1448 IRS 2 is
well aligned with the outflow axis from 10,000-AU to 1,000-AU scales within 15◦, as in the case
of L1157-mm. There is a clear velocity gradient perpendicular to the outflow (Mvg ∼ 65 km s−1
pc−1), which is the signature of significant rotational motion in its protostellar envelope. In L1448
IRS 2, the specific angular momentum on a 1,000-AU scale is estimated to be ∼ 8× 10−3 km s−1
pc, and the radius of the central Keplerian disk (if present) is possibly &100 AU based on our
kinematic model. Nevertheless, as shown in MHD simulations, the influence of the magnetic field
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is also related to its strength and the ionization degree in the collapsing cores (e.g., Mellon & Li
2008, 2009), which are both observationally difficult to measure. If the ionization degree in the
inner envelopes is low, material can effectively decouple from the magnetic field (e.g., Padovani et
al. 2013, 2014). In this case, efficient magnetic braking cannot occur, and large-scale disks may
form. To further observationally investigate the role of the magnetic field in disk formation, future
observations revealing the distribution of angular momenta from 10,000-AU to 1,000-AU scales in
Class 0 protostellar sources with different magnetic field orientations are essential.
7. Summary
We perform imaging and analyses on SMA 1.3 mm continuum, C18O (2–1) and 12CO (2–1)
line data of 17 Class 0 and 0/I protostars to study their gas kinematics on a 1,000-AU scale in
comparison with theoretical models of collapsing dense cores with and without magnetic fields. Our
main results are summarized below.
1. Compact components with sizes of ∼100–1,400 AU are detected in the 1.3 mm continuum
emission toward all the sample sources. The masses of the circumstellar material traced by
the continuum emission range from 0.003 M to 0.56 M, estimated from dust temperatures
of 20–50 K. C18O components with sizes of ∼500–1,500 AU associated with the continuum
peaks are also seen toward all the sample sources. Our sources show a variety of velocity
gradients in the C18O emission. Their orientations range from parallel to perpendicular to
the outflows, and the magnitudes are from ∼1 km s−1 pc−1 to ∼529 km s−1 pc−1. Clear
velocity gradients perpendicular to the outflow axes with magnitudes larger than 90 km s−1
pc−1 are seen in L1448 IRS 3B, NGC 1333 IRAS 4A, IRAS 03292+3039, Per-emb 16, and
B59#11, suggestive of the presence of clear rotational motions.
2. Assuming the C18O (2–1) emission traces the axisymmetric flattened structures around the
protostars, we construct a simple kinematic model of outer infalling and rotational motions
and inner Keplerian rotation with the geometrically-thin assumption. We generate model
images to explain the velocity gradients in the observed P–V diagrams along and perpen-
dicular to the outflow axes in the C18O (2–1) emission. With this method, we estimate the
infalling and rotational velocities on a 1,000-AU scale and infer the disk radii and the proto-
stellar masses under the assumption that the angular momentum of the infalling material is
conserved. Our results show wide ranges of inferred disk radii from <5 AU to >500 AU and
protostellar masses from <0.1 M and >1 M. In particular, no sign of rotational motions
is detected in NGC 1333 IRAS 4B, B335, and L1157-mm, which leads to inferred disk radii
smaller than 5 AU. Rotational motions dominating over infalling motions are seen in L1448
IRS 3B, IRAS 03292+3039, and B59#11, suggesting the presence of Keplerian disks with
radii larger than 200 AU.
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3. Our results suggest that both large (>100 AU) and small (< 5 AU) disks are possibly present
around Class 0 protostars, which hints a sign of disk growth at the Class 0 stage. Theoretical
models without the effect of magnetic fields show that a Keplerian disk can grow to have an
outer radius of 100 AU in a time scale of 105 years, which is comparable to the life time of the
Class 0 stage. In this case, protostars with small disks can be younger than others, and their
disk sizes will grow as the collapse proceeds. On the other hand, MHD simulations show that
the magnetic field can suppress disk growth. Therefore, the small inferred disk radii in NGC
1333 IRAS 4B, B335, and L1157-mm may suggest that efficient magnetic braking is occurring
in these sources. Nevertheless, 11 out of the 17 sources show signs of rotational motions with
specific angular momenta larger than 5 × 10−4 km s−1 pc. They possibly exhibit Keplerian
disks with radii larger than 100 AU. This suggests that efficient magnetic braking is unlikely
common on a 1,000-AU scale among the Class 0 and 0/I sources.
4. The magnetic field orientations in a subset of our sample have been revealed with single-dish
and interferometric polarimetric observations. By comparing the magnetic field orientations
and our measured gas motions, we find no source with large specific angular momenta to-
gether with closely aligned magnetic field and outflow axes. This possibly hints that the
magnetic field, if originally aligned with the rotational axis, can play a role in removing an-
gular momentum from infalling material. L1157-mm, showing a slow rotational motion and a
magnetic field aligned with the outflow, and L1448 IRS 3B, showing a fast rotational motion
and a magnetic field misaligned with the outflow, are examples for a scenario where alignment
suppresses and misalignment enables the formation of large-scale disks. A counter-example to
this scenario could be L1448 IRS 2, which possibly exhibits a 100-AU Keplerian disk together
with a magnetic field aligned with the outflow.
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A. 12CO (2–1) Emission
The outflows associated with the sample sources have been studied in details (see Table 1)
except for Per-emb 9, IRAS 03282+3035, IRAS 03292+3039, Per-emb 16, and Lupus 3 MMS,
where the orientation and/or inclination angles of the outflows have not been estimated before.
The panels in the left column in Figure 8 show the moment-0 maps of the 12CO (2–1) emission
at the red- and blue-shifted velocities in these sources. The red- and blue-shifted 12CO (2–1)
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emission in IRAS 03282+3035 and IRAS 03292+3039 show V-shaped structures with the apices
approximately coincident with the protostellar positions, elongated along a northwest–southeast
direction like the large-scale outflows observed with the JCMT in the 12CO (3–2) line (Hatchell
et al. 2007, 2009). These V-shaped structures likely trace the walls of the outflow cavities and
the material entrained in the outflows. The outflow in IRAS 03282+3035 has also been observed
in the 12CO (1–0) emission with the OVRO (Arce & Sargent 2006). Their 12CO (1–0) emission
shows a structure consistent with the 12CO (2–1) emission from the SMA. The SMA 12CO (2–1)
data of IRAS 03292+3039 were first published by Schnee et al. (2012). Our results show consistent
structures with theirs. From the V-shaped structures, the opening angles of the outflow cavities
in IRAS 03282+3035 and IRAS 03292+3039 are estimated from our observations to be ∼45◦ and
∼35◦, respectively. In Per-emb 9, the 12CO (2–1) emission observed with the SMA appears to be
clumpy and is distributed along the northeast–southwest direction. The weaker clumps located to
the northwest and the southeast are not coincident with the side lobes of the stronger components,
and are likely real emission. The distribution of these clumpy components could delineate V-shaped
structures with an opening angle of ∼50◦ at the blue- and red-shifted velocities. In Per-emb 16, the
blue-shifted 12CO (2–1) emission also shows V-shape features with an opening angle of ∼40◦, while
it is less clear in the red-shifted emission. In Lupus 3 MMS, the red- and blue-shifted 12CO (2–1)
emission is not aligned. The blue-shifted emission is elongated along the east–west direction with
a position angle of ∼275◦. The red-shifted emission is primarily elongated along the northeast–
southwest direction with a position angle of ∼65◦. As the distance to the protostar increases, the
orientation of the eastern part becomes closer to the east–west direction. Part of the red-shifted
emission is also seen to the west of the protostar. The blue-shifted emission together with the
red-shifted emission in the west forms a V-shaped structure with an opening angle of ∼45◦. The
distribution of the 12CO (2–1) emission, with the red-shifted emission primarily to the east and
the blue-shifted emission to the west, is consistent with the large-scale outflow observed with the
ASTE in the 12CO (3–2) line (Dunham et al. 2014b). In the ASTE 12CO (3–2) map, the red-
and blue-shifted emission are aligned along a position angle of ∼80◦. Therefore, the 12CO (2–1)
emission observed with the SMA likely traces only part of the wall of the outflow cavity in Lupus
3 MMS.
B. Inclination Angles
Except for Per-emb 9, IRAS 03282+3035, IRAS 03292+3039, Per-emb 16, and Lupus 3 MMS
(Table 1), the inclination angles of the sample sources have been estimated in the literature based on
SEDs, morphology and velocity structures of outflows or proper motions of jets. For these sources,
we investigate their inclination angles based on the morphologies and velocity structures of the
outflows in the 12CO (2–1) emission. We compare the moment-0 maps and the P–V diagrams of
the 12CO emission (Figure 8) with those of model outflows having bipolar conical shapes computed
by Cabrit et al. (1986). For a bipolar conical outflow with an opening angle of θo.a., if one side
of the outflow only shows blue-shifted emission and the other red-shifted emission, its inclination
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angle ( i) is θo.a./2 < i < pi/2 − θo.a./2. In addition, a bipolar conical outflow with a velocity
structure of Voutflow ∝ r shows two aligned fan-shaped structures with their apices pointing toward
the protostellar position and a systemic velocity in its P–V diagram along the outflow axis. If the
axis passing through the two fan-shaped structures is oriented closer to the axis of the systemic
velocity in the P–V diagram, the inclination of the source is closer to edge-on. If the axis is oriented
closer to the axis of the zero position in the P–V diagram, the inclination of the source is closer
to face-on. The orientation of the fan-shaped structures in the P–V diagram is also related to
the ratio Voutflow/r. If the ratio is large, the axis passing through the two fan-shaped structures
is oriented closer to the axis of the zero position, if small, closer to the axis of systemic velocity.
Considering the projection into the line of sight, an observed Voutflow/r scales with inclination as
tan i × intrinsic Voutflow/r. The 12CO (2–1) emission in these five sources observed with the SMA
most likely traces the walls of the outflow cavities. Typical Voutflow/r of the walls of outflow cavities
in low-mass protostellar sources seen in the 12CO (2–1) emission is a few × 10−3 km s−1 AU−1,
such as those in B335 (Yen et al. 2010) and HH 211 (Gueth & Guilloteau 1999). Based on these
observational signatures, we estimate the inclination angles of these five sources to be closer to edge-
on, intermediately inclined, or face-on, and we assume that the outflows in these five protostellar
sources all have typical Voutflow/r of the order of 10
−3 km s−1 AU−1.
Per-emb 9. The red- and blue-shifted 12CO (2–1) emission is seen in the west and the east,
respectively. Although it is less extended, this suggests that the outflow lobes emit both red- and
blue-shifted emission and the inclination angle is .25◦ or &65◦, where the opening angle is ∼50◦.
In the P–V diagram of the 12CO (2–1) emission along the outflow axis, the emission primarily
appears in the second and fourth quadrants, and the emission in the second quadrant extends to
the third quadrants, which is the signature of an inclination angle of an outflow closer to 25◦ as
shown in Cabrit et al. (1986). From the slope of the axis passing through the two strongest peaks
and the center in the P–V diagram, the observed Voutflow/r is estimated to be ∼1 × 10−3 km s−1,
which corresponds to ∼2 × 10−3 km s−1 with an inclination angle of 25◦which is consistent with
the typical values. Therefore, we assume the inclination angle of Per-emb 9 is 25◦. In addition,
assuming the 1.3 mm continuum emission in Per-emb 9 traces the flattened structures normal to
the outflow axis around the protostar, from the aspect ratio of the major and minor axes, the
inclination is estimated to be 29◦, which is consistent with that from the outflow structures.
IRAS 03282+3035. The eastern and western outflow lobes primarily show blue- and red-shifted
emission, respectively, without a clear overlap, suggesting 23◦ . i . 68◦, where the opening angle
is ∼45◦. In the P–V diagram, two fan-shaped structures point toward the upper left and the lower
right along a direction with a position angle of ∼30◦. From the slope of the axis passing through the
two strongest peaks and the center in the P–V diagram, the observed Voutflow/r is estimated to be
∼6 × 10−3 km s−1. Therefore, we assume that IRAS 03282+3035 has an intermediate inclination
angle of ∼40◦, which is an intermediate value between 23◦ and 68◦ in the sine function. From the
aspect ratio of the major and minor axes of the 1.3 mm conitnuum emission in IRAS 03282+3035,
the inclination is estimated to be 40◦which is consistent with the one from the outflow structures.
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IRAS 03292+3039. Similar to IRAS 03282+3035, there is no clear overlap between the red-
and blue-shifted emission in the outflow, suggesting 18◦ . i . 73◦, where the opening angle is ∼35◦.
The two fan-shaped structures seen in the P–V diagram are tilted along the axis with a position
angle of almost 45◦, suggesting IRAS 03292+3039 has an intermediate inclination angle between
a face-on and an edge-on geometry. From the slope of the axis passing through the two strongest
peaks and the center in the P–V diagram, the observed Voutflow/r is estimated to be ∼2 × 10−3 km
s−1. Therefore, the inclination angle of IRAS 03292+3039 is assumed to be 40◦, an intermediate
value between 73◦ and 18◦ in the sine function. From the aspect ratio of the major and minor axes
of the 1.3 mm conitnuum emission in IRAS 03292+3039, the inclination is estimated to be 67◦,
which is within the range we consider (18◦ . i . 73◦).
Per-emb 16. Both blue- and red-shifted emission is seen in the northern outflow lobe, suggesting
its inclination angle is .20◦ or &70◦, where the opening angle is ∼40◦. In the P–V diagram,
the emission is primarily in the first and third quadrants and extends to the forth and second
quadrants, respectively, with some emission in the third quadrant also extending to the fourth
quadrant. Overall, the emission components in the P–V diagram are tilted closer to the axis of the
protostellar position than to the systemic velocity, suggesting that the inclination of Per-emb 16 is
closer to face-on than edge-on. From the slope of the axis passing through the two strongest peaks
and the center in the P–V diagram, the observed Voutflow/r is estimated to be ∼2 × 10−3 km s−1,
corresponding to ∼1 × 10−2 km s−1 with an inclination angle of 20◦. Therefore, we assume that
the inclination angle of Per-emb 16 is 20◦. From the aspect ratio of the major and minor axes of
the 1.3 mm conitnuum emission in Per-emb 16, the inclination is estimated to be 33◦, comparable
to that from the outflow structures.
Lupus 3 MMS. The outflow observed with the SMA appears to be asymmetric. The eastern
lobe is tilted away from the outflow axis as revealed with the single-dish observations (Dunham
et al. 2014b) and could only trace part of the wall of the outflow cavity. On the other hand, the
western lobe shows a V-shaped structure and is aligned with the outflow axis, which likely traces
the conical wall of the outflow cavity. Hence, we discuss the inclination of Lupus 3 MMS based
on the velocity structure of the western outflow lobe. The western outflow is seen in both red-
and blue-shifted emission, suggesting .23◦ or &68◦, where the opening angle is ∼45◦. In the P–
V diagram, the red-shifted emission of the western outflow lobe is located close to the systemic
velocity, which is an observational signature for the inclination to be closer to edge-on than face-on,
as shown by Cabrit et al. (1986). From the slope of the axis passing through the two strongest
peaks and the center in the P–V diagram, the observed Voutflow/r is estimated to be ∼2 × 10−3 km
s−1, corresponding to ∼7 × 10−4 km s−1 with an inclination angle of 70◦. Therefore, we assume
the inclination angle of Lupus 3 MMS is ∼70◦, approximately ∼ pi/2− θo.a./2.
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C. Specific Comments on Individual Sources
The emission distributions in our model P–V diagrams tend to be less extended than those in
the observed P–V diagrams because our models are only applied to the central components of the
C18O (2–1) emission. This is especially the case for L1448-mm, L1527 IRS, Lupus 3 MMS, and
IRAS 16253−2429, where extended emission of 10′′–20′′ is clearly seen in addition to the central
components (Figure 3). In L1448 IRS 2, NGC 1333 IRAS 4B, Per-emb 9, IRAS 03282+3035, IRAS
03292+3039, Per-emb 16, L1527 IRS, HH 212, B59#11, B335, and L1157-mm, the morphologies,
peak positions and velocity gradients of the C18O (2–1) emission in their P–V diagrams both
along and perpendicular to the outflow axes are well reproduced with our simple kinematic model.
Below, we discuss the discrepancies between the model and observed P–V diagrams for the rest
of the sources together with a comparison with previous results of gas motions in the individual
sources.
L1448 IRS 3B. The peak positions and distributions of the red-shifted emission in the P–V
diagrams both along and perpendicular to the outflow axis are reproduced with our model. Even
though there is an apparent offset between modelled and observed peak positions in the blue-shifted
emission, the overall velocity gradients along and perpendicular to the outflow axis are reproduced
with the model. A clear velocity gradient is present along the outflow axis, while no clear velocity
gradient is seen perpendicular to the outflow axis. This suggests that in L1448 IRS 3B the rotational
motion is dominant over the infalling motion. On large scales of ∼4′ (∼60,000 AU), single-dish
observations in the C18O (1–0), H13CO+ (1–0), and N2H
+ (1–0) lines show a velocity gradient from
the north and the west to the south, and the southern region is more red-shifted than the northern
and western regions (Volgenau et al. 2006). The direction of the large-scale velocity gradient is
identical to the outflow direction.
L1448-mm. The observed P–V diagram perpendicular to the outflow axis is well reproduced
with the model. The P–V diagram along the outflow axis shows an extended structure with a size
of ∼25′′, which is not included in our model fitting. The extended structure (R > 5′′) exhibits a
feature with a velocity ∝ R, different from the central component where the velocities increase as
radii decrease. The extended structure is likely related to the outflow activity. Nevertheless, the
velocity feature of the central component along the outflow axis is reproduced with the model. We
have measured the radial profile of the rotational velocities in L1448-mm, which is found to be
Vrot ∝ 1.3 · (R/100 AU)−1.02 km s−1, corresponding to an angular momentum of j = 6.3 × 10−4
km s−1 pc, with an analytical method (Yen et al. 2013). The two independent methods show a
consistent result of the rotational motion. On larger scales of thousands of AU, VLA observations
in the NH3 lines have found velocity gradients both along and perpendicular to the outflow axis,
which are interpreted as rotational and infalling motions (Curiel et al. 1999).
NGC 1333 IRAS 4A. The C18O (2–1) emission is associated with the two protostellar sources
(4A1 and 4A2). We adopt its emission peak as the center of mass in our model. The observed P–V
diagram perpendicular to the outflow axis shows a clear velocity gradient, which can be reproduced
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with the model. However, the distribution of the C18O (2–1) emission is asymmetric with respect to
its emission peak (Figure 3), and hence our simple axisymmetric model shows an emission excess at
offsets from −3′′ to −5′′ in the P–V diagram perpendicular to the outflow axis. The velocity feature
in the P–V diagram along the outflow axis is not well explained with the model. This feature could
be due to contamination from the outflow. The emission distribution is not symmetric around
the systemic velocity. Thus, the emission excess at the blue-shifted velocities is seen in our model
P–V diagram along the outflow axis. Overall, the velocity gradient perpendicular to the outflow
axis is clearer than the one along the outflow axis. This could suggest that the rotational motion
is dominant over the infalling motion. In this case, the C18O emission in NGC 1333 4A could
trace a circumbinary Keplerian disk, as in the case of L1551 NE (Takakuwa et al. 2012, 2013),
and the estimated protostellar mass could represent the total stellar mass of the binary system.
A similar velocity gradient perpendicular to the outflow axis is also seen on larger scales of ∼20′′
(∼5,000 AU) in the PdBI observations in the N2H+ (1–0) line by Di Francesco et al. (2001), which
is interpreted as rotational motion. The observed inverse P Cygni profiles in several molecular
lines suggest the presence of infalling motion which is estimated to be ∼0.68 km s−1 at a radius
of ∼270 AU (e.g., Di Francesco et al. 2001). Assuming that the infalling motion is free-fall, the
infalling velocity estimated from the inverse P Cygni profiles corresponds to a protostellar mass
of 0.14 M, which is consistent with our fitting results. The VLA observations in the NH3 lines
at an angular resolution of 0.′′3–0.′′4 (Choi et al. 2007, 2010) possibly reveal a circumstellar disk
around each component. They further show that the NH3 emission associated with the northern
component 4A2 is red-shifted to the southeast and blue-shifted to the northwest, opposite to the
direction of the velocity gradient observed with the SMA on the larger scale of 10′′. The southern
component 4A1 exhibits a velocity gradient and elongation along the northeast–southwest direction
(Choi et al. 2011), different from those of 4A2 and the C18O (2–1) emission observed with the SMA.
If the velocity gradients on sub-arcsecond scales (<250 AU) observed with the VLA indeed trace
the gas motions of the circumstellar disks around the individual binary components, the direction
of the angular momentum axis likely varies from large to small scales. It is also possible that the
velocity gradient seen in the P–V diagram perpendicular to the outflow axis does not reflect the
gas motions but the systematic velocity offset between the two components in NGC 1333 IRAS
4A. Hence, the interpretation of the velocity gradient of the C18O (2–1) emission observed with the
SMA is still uncertain. Observations with a wide spatial dynamical range covering scales from 10′′
to 0.′′5 are required to fully reveal the gas kinematics.
NGC 1333 IRAS 4B. The observed P–V diagrams both along and perpendicular to the outflow
axis are well reproduced with the model. There is no clear velocity gradient seen in the P–V diagram
perpendicular to the outflow axis, and hence there is no sign of rotational motion. Previous PdBI
observations in the N2H
+ (1–0) line (Di Francesco et al. 2001) and FCRAO+BIMA observations
in the C18O (1–0), H13CO+ (1–0), and N2H
+ (1–0) lines (Volgenau et al. 2006) also show absence
of detectable rotational motion, consistent with our results.
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IRAS 03282+3035. The single-dish observations in the N2H
+ (1–0) line at an angular resolution
of ∼27′′ show that there is a large-scale velocity gradient with a magnitude of 1.3 km s−1 pc−1
and a position angle of 301◦ over a 0.1-pc scale (Tobin et al. 2011). The VLA observations in
the NH3 lines at an angular resolution of ∼5′′ show that on thousands of AU scale the velocity
gradient is more significant with 8.7 km s−1 pc−1 with a similar position angle of 294◦ (Tobin et
al. 2011). A velocity gradient perpendicular to the outflow axis is also seen in these observations.
The present SMA observations at the highest angular resolution of ∼3.′′5 reveal an overall velocity
gradient with a magnitude of 106.1 km s−1 pc−1 and a position angle of 291◦on a 1,000-AU scale. In
IRAS 03282+3035, the velocity gradients from 0.1-pc to 1,000-AU scales show similar orientations,
almost parallel to the outflow, with increasing magnitudes.
L1527 IRS. The velocity features seen in the P–V diagram both along and perpendicular to the
outflow axis are well explained by our model. The infalling and rotational velocities at a radius of
2,000 AU are estimated to be 0.3 km s−1 and 0.05 km s−1, respectively, with the NMA observations
in the C18O (1–0) line (Ohashi et al. 1997). By extrapolating our fitting results of the gas motions
at a radius <730 AU to the outer radii, the infalling and rotational velocities at a radius of 2,000 AU
are estimated to be 0.23–0.24 km s−1 and 0.05–0.06 km s−1, respectively, which is approximately
consistent with the NMA results. This suggests that the angular momentum of the infalling material
is likely conserved from a 2,000-AU radius to an inner 730-AU radius. Indeed, the radial profile
of the rotational velocities in L1527 IRS is measured to be Vrot ∝ 1.0 · (R/100 AU)−1.02 km s−1
corresponding to an angular momentum of j = 4.9 × 10−4 km s−1 pc derived with an analytical
method (Yen et al. 2013). These results are consistent with the present model fitting outcome.
Sub-arcsecond-resolution observations with CARMA and ALMA reveal a Keplerian disk with an
outer radius of 50–90 AU around a protostar with a mass of 0.2–0.3 M (Tobin et al. 2012a; Ohashi
et al. 2014). Our estimated disk radius and protostar mass with the low-resolution SMA data are
comparable to those high-resolution results, if f = 0.5 is assumed (see also Section 5.2).
HH 212. The SMA data were analyzed by Lee et al. (2006) with three-dimensional models of
an infalling and rotating envelope. Protostellar mass and specific angular momentum are estimated
to be 0.15 M and 6.7 × 10−4 km s−1 pc. Our results are approximately consistent with their
results if f = 1 is adopted. Recent ALMA observations in the HCO+ (4–3) and C17O (3–2) lines
reveal a Keplerian disk with a radius of ∼90–120 AU around a protostar with a mass of ∼0.2–0.3
M (Lee et a. 2014; Codella et al. 2014), comparable to our estimates (see also Section 5.2).
B228. The velocity gradient of the central C18O component seen in the P–V diagram perpen-
dicular to the outflow axis can be reproduced with our model, although our model P–V diagram
shows two emission peaks in contrast with the observed one. In addition, there is a secondary
emission peak at VLSR of ∼4.4 km s−1 in the P–V diagram along the outflow axis without any
corresponding component from our model. Except that, the velocity features of the P–V diagram
along the outflow axis can be explained by our model. Previous single-dish observations have found
a velocity gradient along the northwest–southeast direction over a 2′ scale in the Lupus I cloud
(Vilas-Boas et al. 2000; Tachihara et al. 2001), where the northwest region is more red-shifted and
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the southeastern region more blue-shifted. The direction of the large-scale velocity gradient is not
the same as the one over the 10′′ scale observed with the SMA. Tothill et al. (2009) suggest that the
large-scale velocity gradient does not reflect the gas motion but is due to a difference in systemic
velocities of gas clumps located to the northwest and the southeast.
Lupus 3 MMS. The C18O emission is detected at relatively low signal-to-noise ratios (.5σ).
Hence, the velocity structures are not clearly identified in the P–V diagrams. The overall distri-
bution of the C18O emission is elongated along the outflow direction. A possible velocity gradient,
with blue-shifted emission at the positive offsets and with red-shifted emission at the negative off-
sets, appears in the P–V diagram perpendicular to the outflow axis. This can be explained with
our model. On the other hand, no clear velocity feature is seen in the P–V diagram along the
outflow axis.
IRAS 16253−2429. Single-dish observations in the N2H+ (1–0) line reveal a velocity gradient
with a magnitude of 1.2 km s−1 pc−1 over a 10,000-AU scale, where the blue-shifted emission is
located to the southeast and the red-shifted emission to the northwest (Tobin et al. 2011). The
N2H
+ (1–0) emission observed with CARMA at an angular resolution of 9.′′3 × 4.′′9 shows a velocity
gradient of 3.5 km s−1 pc−1 on thousands of AU scale with a direction identical to the one on the
10,000-AU scale (Tobin et al. 2011). Our SMA observations in the C18O emission with the highest
angular resolution of 7.′′0 × 2.′′8 reveal a velocity gradient with a magnitude of ∼33 km s−1 pc−1
in the central C18O component on a 1,000-AU scale, where the blue-shifted emission is located to
the southwest and the red-shifted emission to the northeast. The direction of the velocity gradient
in IRAS 16253−2429 changes from 10,000-AU to 1,000-AU scales, and the magnitude increases.
In the P–V diagrams, the main peak positions and the velocity gradients can be explained with
our model, except for the additional emission peak at VLSR of ∼4.7 km s−1, which is without any
counterpart in our model, and except for the extension toward the offset of ∼ −15′′ seen in the
P–V diagram along the outflow axis, which is not included in our analysis. The velocity structures
of the N2H
+ emission observed with CARMA suggest that the gas on thousands of AU scale is
falling toward a protostar with a mass .0.1 M (Tobin et al. 2011), which is consistent with our
estimate.
B59#11. The SMA data were first presented by Hara et al. (2013). They interpreted the entire
C18O component as a Keplerian disk and estimated the protostellar mass and the disk radius to
be 0.73+0.53−0.39 M and <350 AU, respectively. Hara et al. (2013) measured the radial dependence of
the rotational motion traced by the C18O (2–1) emission and found Vrot ∝ R−0.61, which is close to
that of Keplerian rotation. On the other hand, that could also suggest that the rotational motion
observed with the SMA is a mixture of an inner Keplerian rotation and an outer rotation with
a conserved angular momentum. Hence, the radial dependence would be between −0.5 and −1,
too. In our model, we regard the velocity gradient of the C18O (2–1) emission as a combination
of an outer infalling and rotational motion and an inner Keplerian rotation. Our results show a
protostellar mass of 1.0–1.5 M and a consistent disk radius of 230–340 AU.
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B335. The observed P–V diagram both along and perpendicular to the outflow axis can be
reproduced with our model. No sign of rotational motion is detected with the SMA, as presented
in our previous results (Yen et al. 2010, 2011, 2013). Single-dish observations of B335 in the C18O
(1–0) and (2–1) lines show a velocity gradient over a 10,000-AU scale perpendicular to the outflow
axis with 0.3–0.8 km s−1 pc−1 (Saito et al. 1999; Yen et al. 2011). Previous NMA observations in
the H13CO+ (1–0) line revealed both infalling and rotational motions on thousands of AU scale.
The infalling velocity at a radius of 2,200 AU and the rotational velocity at a radius of 490 AU are
both estimated to be 0.14 km s−1 (Saito et al. 1999). By extrapolating our fitting results of the
gas motions at a radius <750 AU to the outer radii, the infalling velocity at a radius of 2,200 AU
is estimated to be 0.2 km s−1, which is 40% larger than the NMA results. With the more recent
NMA and 45-m telescope observations in the H13CO+ (1–0) line, the magnitude of the velocity
gradient over a 20,000 AU scale perpendicular to the outflow axis is measured to be 1.0 km s−1
pc−1. The protostellar mass is estimated to be 0.1 M (Kurono et al. 2013) which is consistent
with our estimate. Their model calculation to reproduce the observed NMA and 45-m images of
the H13CO+ (1–0) emission suggests that the specific angular momentum within a radius of 1,000
AU is ∼7 × 10−5 km s−1 pc. This is comparable to our estimated upper limit, and hence, their
results also suggest that the disk size is likely small (<5 AU).
L1157-mm. No clear velocity gradient is seen in the central C18O component in the P–V
diagrams neither along nor perpendicular to the outflow axis. To reproduce the observed P–V
diagrams, our model fitting results in a small protostellar mass (0.02–0.08 M) and a low specific
angular momentum (j <5 × 10−5 km s−1 pc) because the magnitude of the velocity gradient is
small (Table 6). Single-dish observations of L1157-mm in the N2H
+ (1–0) line show that there is
a modest velocity gradient with 0.7 km s−1 pc−1 and a position angle of 303◦ over a 10,000-AU
scale (Tobin et al. 2011). This is about a factor of three smaller than the typical value at the
same scale (∼2 km s−1 pc−1; Tobin et al. 2011). At a scale of thousands of AU, the CARMA and
PdBI observations in the N2H
+ (1–0) line and the VLA observations in the NH3 lines at angular
resolutions of ∼3′′–7′′ show velocity gradients around 4–6 km s−1 pc−1 and position angles of 179◦–
260◦ (Tobin et al. 2011). The overall velocity gradient observed with the SMA in the C18O (2–1)
emission at a similar angular resolution (∼3′′) has a position angle of ∼347◦. By comparing the
velocity structures of the N2H
+ (1–0) emission observed with CARMA with models of infalling and
rotating spherical envelopes, Chiang et al. (2010) suggest that the velocity gradient perpendicular
to the outflow axis on a scale of thousands of AU can be interpreted as rigid-body rotation. On the
other hand, Tobin et al. (2012b) suggest that the velocity gradient perpendicular to the outflow
axis on this scale can be due to infalling motions along the filamentary structures rather than
rotational motions. On smaller scales, previous PdBI observations in the C18O (1–0) line at an
angualr resolution of ∼2′′ have found a velocity gradient perpendicular to the outflow axis, shown
as a red-shifted peak ∼2′′ to the northeast and a blue-shifted peak ∼1′′ to the west, suggesting a
possible sign of the rotational motion (Gueth et al. 1997). More recent CARMA observation in the
C18O (2–1) line at a similar resolution show no clear sign of rotational motion on a 1,000-AU scale.
– 30 –
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Fig. 1.— 1.3 mm continuum images of the sample sources. A filled ellipse at the bottom-right
corner in each panel presents the beam size. Red and blue arrows denote the directions of the
redshifted and blueshifted outflows, respectively. Contour levels are 3σ, 6σ, 9σ, 14σ, 19σ, 24σ,
39σ, 54σ, 79σ, 104σ, 129σ, and then in steps of 30σ. The beam sizes and the 1σ noise levels are
summarized in Table 3.
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Fig. 1.— Continued.
– 39 –
Fig. 2.— 1.3 mm continuum images of L1448-mm, NGC 1333 IRAS 4A and 4B, and L1527 IRS.
The smaller panels present the high-resolution 1.3 mm continuum images using only the data of the
very extended configuration. Green boxes in the larger panels show the areas of the high-resolution
images. Filled ellipses at the bottom-right corner in each panel present the beam sizes. Red and
blue arrows denote the directions of the redshifted and blueshifted outflows, respectively. Contour
levels are 3σ, 6σ, 9σ, 14σ, 19σ, 24σ, 39σ, 54σ, 79σ, 104σ, 129σ, and then in steps of 30σ. The
beam sizes and the 1σ noise levels are summarized in Table 3.
– 40 –
Fig. 3.— Moment-0 maps (contours) overlaid on the moment-1 maps (color scale, units in km
s−1) of the C18O emission. Black arrows on top of white filled circles show the directions of the
overall velocity gradients (Table 6). Filled ellipses at the bottom-right corners present the beam
sizes. Crosses indicate the protostellar positions. Red and blue arrows denote the directions of the
red- and blue-shifted outflows, respectively. Contour levels are from 3σ to 15σ in steps of 3σ, from
15σ to 50σ in steps of 5σ, and then in steps of 10σ. The beam sizes and the 1σ noise levels are
summarized in Table 3.
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Fig. 3.— Continued.
– 42 –
Fig. 4.— P–V diagrams of the C18O emission along and perpendicular to the outflow axes. Contours
and color scales present the observed and model P–V diagrams. The model P–V diagrams are made
from the best-fit kinematic models with f = 0.5. The panels in the first and third row show the
P–V diagrams perpendicular to the outflow axes, and those in the second and fourth rows are
along the outflow axes. Green vertical and horizontal lines denote the systemic velocity and the
protostellar position, respectively. Contour levels are from 2σ to 12σ in steps of 2σ and then in
steps of 3σ, where the 1σ noise levels are summarized in Table 3.
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Fig. 4.— Continued.
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Fig. 4.— Continued.
– 45 –
Fig. 5.— Comparison between the observed magnitudes of the velocity gradients perpendicular to
the outflow axes (Table 7) and the specific angular momenta estimated from the fitting with the
kinematic models (Table 8).
– 46 –
Fig. 6.— Left panel: comparison between Tbol and the the specific angular momenta estimated
from the fitting of kinematic models. Filled circles show the means of the ranges of the estimated
specific angular momenta in Table 10. Right panel: possible disk radii as a function of estimated
protostellar masses from the fitting of kinematic models. Error bars present the ranges of the best-
fit values with f = 0.5 and 1. If the ranges span less than 50% of the best-fit values, the error bars
present the 50% uncertainty (see Section 5). Triangles denote the upper limits of the disk radii in
NGC 1333 IRAS 4B, B335, and L1157-mm, where no sign of rotational motion is observed. The
dashed lines show the expected trend in the theoretical model of collapsing dense cores without the
effects of a magnetic field (Terebey et al. 1984) and with a sound speed of 0.2 km s−1 and angular
velocities for the core rotation of 1.5, 7.5, and 37.5 × 10−14 s−1 (from right to left).
– 47 –
Fig. 7.— Estimated specific angular momenta in units of km s−1 pc compared with the mis-
alignments between magnetic field and outflow axes at 10,000-AU (left panel) and 1,000-AU (right
panel) scales. Filled circles show the means of the ranges of the estimated specific angular momenta
shown in Table 10, and filled triangles present the upper limit of the specific angular momenta in
the sources without clear signature of rotational motions. The position angles of the outflows are
from the literature (Table 1). The information of the mean magnetic field orientations is from Hull
et al. 2014.
– 48 –
Fig. 8.— Left column. Moment-0 maps of the blue- and red-shifted 12CO emission. A filled ellipse
at the bottom-right corner in each panel presents the beam size. Crosses present the protostellar
positions. Open circles show the size of the SMA primary beam at 230 GHz. Contour levels are
from 3σ to 15σ in steps of 3σ, from 15σ to 50σ in steps of 5σ, and then in steps of 10σ. The beam
sizes and the 1σ noise levels are summarized in Table 4. Right column. P–V diagrams of the 12CO
emission along the outflow axes passing through the protostellar positions. Contour levels in the
P–V diagrams of IRAS 03282+3035 and Lupus 3 MMS are from 2σ to 10σ in steps of 2σ and then
in steps of 5σ. Those of the other three sources are from 2σ in steps of 2σ. The 1σ noise levels are
summarized in Table 4.
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Fig. 8.— Continued.
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Table 2. SMA Observational Log
Source Observing Date Configurationa PI
L1448 IRS 2 2007 Nov 04 C J. Foster
2007 Nov 06 C J. Foster
L1448 IRS 3B 2007 Nov 21 C J. Foster
L1448-mm 2004 Nov 07 C J. Jørgensen
2011 Sep 12 V H.-W. Yen/This work
2012 Jan 07 S H.-W. Yen/This work
NGC 1333 IRAS 4A 2004 Nov 06 C J. Jørgensen
2004 Nov 22 C J. Jørgensen
2006 Jan 17 E J. Jørgensen
2011 Sep 12 V H.-W. Yen/This work
NGC 1333 IRAS 4B 2004 Nov 06 C J. Jørgensen
2004 Nov 22 C J. Jørgensen
2006 Jan 17 E J. Jørgensen
2011 Sep 12 V H.-W. Yen/This work
2012 Jan 07 S H.-W. Yen/This work
Per-emb 9 2009 Dec 21 C M. Hiramatsu
IRAS 03282+3035 2008 Dec 08 C X. Chen
2009 Dec 25 C X. Chen
IRAS 03292+3039 2010 Oct 24 C S. Schnee
Per-emb 16 2009 Dec 21 C M. Hiramatsu
L1527 IRS 2004 Nov 08 C J. Jørgensen
2011 Sep 09 V H.-W. Yen/This work
2012 Jan 07 S H.-W. Yen/This work
HH 212 2004 Nov 29 C C.-F. Lee
2005 Mar 19 C C.-F. Lee
B228 2009 Apr 29 C A. Hedden
2013 Apr 30 S H.-W. Yen/This work
Lupus 3 MMS 2013 Mar 14 C H.-W. Yen/This work
IRAS 16253−2429 2008 May 02 C K. Stapelfeldt
2013 Apr 30 S H.-W. Yen/This work
B59#11 2008 Mar 25 C T. Bourke
B335 2005 Jun 24 C J. Jørgensen
L1157-mm 2005 Jul 06 C J. Jørgensen
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Table 2—Continued
Source Observing Date Configurationa PI
aS: Subcompact. C: Compact. E: Extended.
V: Very extended.
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Table 5. 1.3 mm Continuum Emission
Source Flux (mJy) Deconvolved Size (P.A.) Mass (M)
L1448 IRS 2 189 3.′′5 × 2.′′0 (58◦) 0.046
L1448 IRS 3B 798 2.′′3 × 1.′′7 (37◦) 0.2
L1448-mm 190 0.′′9 × 0.′′8 (33◦) 0.11
118a 0.′′3 × 0.′′1 (72◦) 0.023
NGC 1333 IRAS 4A1 1625 1.′′5 × 1.′′0 (57◦) 0.56
891a 0.′′7 × 0.′′5 (72◦) 0.17
NGC 1333 IRAS 4A2 1446 1.′′9 × 1.′′7 (97◦) 0.35
447a 0.′′8 × 0.′′5 (132◦) 0.085
NGC 1333 IRAS 4B 893 1.′′4 × 0.′′8 (106◦) 0.22
588a 0.′′7 × 0.′′5 (106◦) 0.14
Per-emb 9 41 4.′′1 × 3.′′6 (52◦) 0.008
IRAS 03282+3035 290 1.′′6 × 1.′′2 (70◦) 0.16
IRAS 03292+3039 546 1.′′8 × 0.′′7 (32◦) 0.1
Per-emb 16 45 4.′′4 × 3.′′7 (71◦) 0.026
L1527 IRS 204 1.′′2 × 0.′′8 (66◦) 0.036
135a 0.′′5 × 0.′′2 (4◦) 0.008
HH 212 116 2.′′2 × 1.′′3 (84◦) 0.057
B228 252 9.′′0 × 5.′′5 (51◦) 0.022
Lupus 3 MMS 200b · · · 0.024
IRAS 16253−2429 42 4.′′7 × 4.′′4 (6◦) 0.003
B59#11 611 2.′′6 × 1.′′1 (159◦) 0.057
B335 170 4.′′3 × 1.′′9 (13◦) 0.012
L1157-mm 229 3.′′3 × 2.′′6 (133◦) 0.13
aFitting results of the high-resolution maps.
bFailed to deconvolve.
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Table 7. Velocity Gradient of the C18O (2–1) Emission Perpendicular to the Outflow Axes
Source Mvg⊥ (km s−1 pc−1) Mvg⊥a (km s−1 over 1,000 AU) VC (km s−1)
L1448 IRS2 47.6±0.8 0.231±0.002 4.08±0.01
L1448 IRS 3B 133.5±2.3 0.648±0.011 4.44±0.01
L1448-mm 30.3±0.8 0.147±0.003 5.05±0.01
NGC 1333 IRAS 4A 131.9±2.6 0.640±0.013 6.63±0.01
NGC 1333 IRAS 4B 15.3±3.5 0.074±0.017 6.61±0.01
Per-emb 9 56.8±2.8 0.276±0.013 8.19±0.01
IRAS 03282+3035 40.1±4.2 0.195±0.020 6.88±0.01
IRAS 03292+3039 115.3±1.8 0.560±0.009 6.71±0.01
Per-emb 16 93.7±6.5 0.455±0.032 8.57±0.01
L1527 IRS 64.6±1.7 0.313±0.008 5.81±0.01
HH 212 17.8±3.3 0.086±0.016 1.75±0.01
B228 41.9±5.5 0.204±0.027 5.04±0.01
Lupus 3 MMS 14.4±2.8 0.070±0.013 4.60±0.01
IRAS 16253−2429 31.3±4.9 0.152±0.024 4.13±0.01
B59#11 551.4±8.0 2.677±0.039 3.89±0.01
B335b 40.0±2.3 0.194±0.011 8.25±0.01
L1157-mm 13.7±2.8 0.067±0.013 2.57±0.01
aThe magnitude of the velocity gradient scaled to be over 1,000 AU.
bThe direction of the velocity gradient is opposite to that of the rotational motion observed
on thousands of AU scale.
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Table 9. Comparison with Rotation and Mass of Associated Dense Cores
Source Rd (AU) M∗ (M) ωa (km s−1 pc−1) Mcoreb (M) Reference
L1448 IRS 3B 330–720 1.0–1.9 · · · 3.5 1
L1448-mm 140–160 0.11–0.31 · · · 1.5 1
NGC 1333 IRAS 4A 630–720 0.14–0.15 · · · 4.5 1
NGC 1333 IRAS 4B <5 0.03–0.1 · · · 1.7 1
IRAS 03282+3035 100–330 0.1–0.24 1.3 1.4 1,2
L1527 IRS 70–150 0.07–0.24 2.2 0.8 1,2
IRAS 16253−2429 90–240 0.02–0.04 1.2 · · · 2
B335 <5 0.05–0.19 0.8 0.9 2,3
L1157-mm <5 0.02–0.08 0.9 2.0 1,2
Note. — The ranges correspond to the fitting results with f = 0.5 and f = 1.
aVelocity gradient perpendicular to the outflow in the associated cores observed on a 10,000
AU scale.
bMass of the associated core within a radius of 4,200 AU.
References. — (1) Tobin et al. 2011; (2) Motte & Andre´ 2001; (3) Yen et al. 2011.
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Table 10. Comparison with the Orientation of Magnetic Field and Outflow
Source Rd (AU) j (km s
−1 pc) ∆θcore ∆θenvelope
L1448 IRS 2 130–390 8.3–9.0 × 10−4 15◦ 3◦
L1448 IRS 3B 330–720 3.6–3.9 × 10−3 82◦ 79◦
L1448-mm 140–160 5.6–10.2 × 10−4 44◦ 45◦
NGC 1333 IRAS 4A 630–720 1.4–1.5 × 10−3 37◦ 36◦
NGC 1333 IRAS 4B <5 <5.0 × 10−5 55◦ 84◦
L1527 IRS 70–150 4.6–5.8 × 10−4 32◦ 87◦
B335 <5 <5 × 10−5 75◦ 33◦a
L1157 <5 <5 × 10−5 14◦ 3◦
Note. — The ranges correspond to the fitting results with f = 0.5 and
f = 1.
aThe polarization detections of the CARMA observations in B335 are all
less then 3σ, and hence the magnetic field orientation is more uncertain.
References. — Hull et al. 2014.
